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1.1. Historical Background and Motivation
Polymer materials have excellent features such as flexibility, light-weight, processability, 
and ease of chemical modification, and hence, these materials are indispensable for modern 
people.  Since the discovery of the conductive properties of doped polyacetylene in 1977,1 for 
which its  three main contributors  Shirakawa,  Heeger,  and MacDiarmid were awarded the 
Nobel  Prize  in  Chemistry  in  2000,  conjugated  polymers  have  attracted  a  great  deal  of 
attention  in  various  fields  such  as  solar  cells,2–12 light-emitting  diodes,13 photodetectors,14 
field-effect  transistors,15 lasers,16,17 sensors,18,19 and  optical  probes20 because  of  their  new 
optoelectronic properties in addition to the basic properties as polymers mentioned above. 
Solar cells, which transform inexhaustible solar energy into electric energy, are one of the 
most promising long-term solutions for clean and renewable energy.  There are solar cells 
based  on  inorganic  semiconductors  currently  on  the  market  that  harvest  solar  energy 
efficiently.21,22  These  inorganic  materials  are  stable  and  reliable  in  air  and  even  at  high 
temperatures.  These solar cells are now being installed in solar factories and on roof-tops of 
buildings.   On the other hand, organic solar cells  based on polymer thin films have been 
actively studied as next-generation solar cells not only by industries but also by academic 
researchers because those devices possess many complicated but interesting phenomena such 
as photophysical dynamics and morphological formations of thin films, which are important 
in fundamental photophysical, polymer, and materials chemistry.  
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1.1.1. Polymer Solar Cells
Polymer solar cells have attracted the attention of many physical and chemical scientists,2–
12 since  the  evidence  for  photoinduced electron  transfer  from the  photoexcited  state  of  a 
conjugated  polymer  (a  poly(p-phenylenevinylene)  derivative  (PPV,  Figure  1-1a))  onto 
buckminsterfullerene (C60, Figure 1-1d) was reported in 1992.23,24  These reports showed that 
the time scale for photoinduced charge transfer was sub-picosecond, more than 1000 times 
faster than the radiative and nonradiative decay of excited states.  According to such efficient 
electron transfer, the photoactive layer of efficient polymer solar cells always consists of two 
compounds, a so-called electron donor and an electron acceptor material, in order to separate 
the photogenerated electron–hole pairs with a high yield.  
Figure 1-1.  Chemical structures of conjugated polymers (a: MEH-PPV, b: RR-P3HT, and c: 
PCPDTBT, which is one of the low-bandgap polymers) and fullerenes (d: C60, e: PCBM, and 




Figure 1-2.  Schematic illustration of the photon-to-current conversion processes in polymer 
solar cells composed of four sequential steps: 1) light absorption and exciton generation, 2) 
exciton migration to the donor/acceptor interface, 3) charge separation at the interface, and 4) 
charge transport to electrodes.
The fundamental  processes  of photon-to-current  conversion in  the photoactive layer  of 
polymer solar cells are illustrated in Figure 1-2.  The processes consist of four sequential 
steps:  1) absorption of photons leads to the formation of excited states,  which  are bound 
electron–hole pairs called as excitons, 2) excitons diffuse to the donor/acceptor interface, 3) 
the charge separation occurs at that interface, and 4) the charge carriers are transported to the 
anode (for holes by the donor) and  the  cathode electrode (for electrons by the acceptor), to 
supply a direct current to an external circuit.  Thus, the lower LUMO level of the acceptor 
than that of the donor and the higher HOMO level of the donor than that of the acceptor are 
required for an efficient photocurrent generation and extraction.   There are two important 
differences between inorganic and organic solar cells.  First, light absorption coefficients of 
organic materials are two orders of magnitude higher (typically ~ 105 cm−1,2,25–27) than those of 
inorganics, which is typically ~103 cm−1 at around visible light wavelengths.28,29  A conjugated 
polymer film with a thickness of ~300 nm is thick enough to absorb the most incident light.27 
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This enables greatly thinner and lighter photoactive layers for polymer solar cells than those 
for  inorganic  solar  cells.   Second,  when  an  exciton  is  generated  in  an  inorganic 
semiconductor, it can immediately dissociate into a free carrier.30  In contrast, an exciton in 
conjugated polymers is  tightly bound with binding energy of around 0.3–0.5 eV31 and its 
dissociation  must  be  promoted  by  acceptor  materials.   This  limits  the  chance  of  charge 
generation only at the donor/acceptor interface.  Moreover, the diffusion length of excitons 
generated in conjugated polymers is limited to be ~10 nm.32–34  Thus, it is necessary for large 
photocurrent  generation to  enlarge the interfacial  area of  donor/acceptor.   Such limitation 
strongly emphasizes the importance of donor/acceptor interfaces for polymer solar cells.  One 
of the most promising device architectures to enlarge the interfacial area in photoactive layers 
of  polymer  solar  cells  is  the  phase  separated  structure  of  the  donor:acceptor  blend  as 
introduced below.  
The polymer solar cell, which exhibited clear photoinduced current–voltage characteristics, 
was reported in 1993 using PPV as a electron donor polymer and C60 as an electron acceptor 
molecule with a planer heterojunction (PHJ) structure (Figure 1-3a).  That report followed the 
photovoltaic property by using PHJ structure  with  a phthalocyanine derivative as a donor 
molecule and a perylene derivative as an acceptor molecule.35  However, the photocurrent and 
4
Figure  1-3.  Schematic  illustration  of  PHJ  and  BHJ  structures  as  photoactive  layers  in 
polymer/fullerene solar cells.
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hence the power conversion efficiency (PCE) in such PPV/C60 PHJ solar cells was limited.36 
As described above, the limiting factor in this concept is the small amount of photogenerated 
charge carriers  because  of  the small  interface  between donor  and acceptor  layers  in  PHJ 
structures.  In 1995, however, remarkable progress in polymer solar cells was shown by Yu et  
al.37 with  the  “bulk  heterojunction”  (BHJ)  concept,  which  Hiramoto  et  al. reported  on 
phthalocyanine:perylene diimide co-deposited solar cells in 1991.38  The BHJ layer is the best 
architecture for polymer solar cells so far.  The layer of BHJ consists of bicontinuous and 
interpenetrating donor and acceptor materials in a bulk volume (Figure 1-3b).  Although the 
methodology is very simple (just coated from the blend solution), a nanoscale network of 
donor and acceptor phases by separation with a dimension of approximately 10 nm or even 
less was revealed by selective dissolving of C60 from PPV:C60 blend films and then measuring 
transmission electron microscopy (TEM) images.39  Such a nanoscale network of donor and 
acceptor phases can overcome the limitation observed in PHJ solar cells.  
Besides  fullerene,  electron-accepting  conjugated  polymers  and metal  oxides  have  been 
studied as  acceptor  materials  for  polymer solar  cells.   “All-polymer solar  cells”  using an 
electron donor polymer and an electron acceptor polymer were developed by Halls  et al. in 
1995.40  In  polymer/polymer  solar  cells,  both  active  materials  exhibit  a  high  absorption 
coefficient  in  visible  regions  of  light  and  can  cover  complementary  parts  of  the  solar 
spectrum.  Furthermore, it is easy to tune both components individually to optimize optical 
properties,  charge  transfer  and  charge  collection  processes.   Until  now,  many  acceptor 
polymers have been studied for such polymer/polymer solar cells, having prospects of high 
performance.41–45  On the other hand, polymer/inorganic semiconductor solar cells referred to 
as “hybrid” solar cells became of interest in the late 1990s.  Inorganic semiconductors based 
on metal  oxides,  such as  TiO2 and  ZnO, have  a  large  number  of  advantages  as  electron 
acceptors, including relatively high electron mobility, high electron affinity, good physical and 
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chemical stability, and ease in fabricating various structures ranging from a dense layer to 
dispersed nanocrystals and  to rigid connected nanostructures.  However, the PCE in such a 
device was low, typically less than 1%,46–49 compared to polymer/fullerene devices in those 
days.   This  might  have  been  caused  by the  difficulty in  the  achievement  of  high-quality 
polymer/metal  oxide  interfaces,  because  metal  oxides  are  hydrophilic  whereas  commonly 
used conjugated polymers are hydrophobic by their alkyl side-chain.  To improve the wetting 
of the metal oxide by the polymer, the surface of metal oxides have been modified using 
organic  dye  molecules.50–54  However,  most  studies51,52 have  thus  far  focused  on  the 
photosensitizing effect of the dyes because they serve as an efficient photosensitizer in dye-
sensitized  solar  cells55 resulting  in  PCEs  of  over  11%.56,57  The  effect  of  interfacial  dye 
modification has not been studied in detail.  
Since  2000s,  most  of  the  research  activity  has  been  focused  on  the  investigation  of 
photoactive layers made of a polythiophene derivative (regioregular poly(3-hexylthiophene) 
(RR-P3HT,  Figure  1-1b))  and  a  fullerene  derivative  (1-(3-methoxycarbonyl)propyl-1-
phenyl[6,6]methanofullerene  (PCBM, Figure  1-1e)).   The  wide  interest  in  RR-P3HT was 
triggered  by  the  first  report  showing  the  drastic  effect  of  thermal  annealing  of  RR-
P3HT:fullerene blend films on the improvement of the photocurrent density and hence the 
PCE.58,59  This enhancement is probably due to the well-ordered self organization of RR-P3HT 
chains.60  Such organization is advantageous in polymer solar cells as follows: the formation 
of bicontinuous phase-separated network of RR-P3HT and fullerene,61 significant increase in 
the hole mobility,62–64 and strong red-shift in the absorption.64  The PCEs up to ~5% have been 
demonstrated through the optimization of annealing conditions.61,65,66  It was also revealed that 
the  performance  of  RR-P3HT:PCBM  devices  was  affected  by  molecular  weight,67 
polydispersity,68 regioregularity,66 proper solvent,69,70 solvent-vapor treatment,65,71 and adding a 
small amount of additives with relatively high boiling points.72,73  All these results indicated 
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that  it  is  very complex  to  control  the  morphology of  polymer:fullerene  BHJ photoactive 
layers.  Recently, several groups have revealed the phase-separated structures of blended films 
by TEM,61,74 scanning probe microscopy (SPM),75,76 and electron tomography.77,78  The RR-
P3HT:PCBM BHJ solar cells exhibit high external quantum efficiencies (EQEs, also called as 
incident  photon-to-current  conversion  efficiencies  (IPCEs))  of  ~80%  and  fill  factors  of 
~0.7.61,65,66  However, RR-P3HT can absorb only a quarter of the total photons in the solar 
light because of its relatively wide bandgap 2.0 eV, which corresponds to the absorption bands 
below 620 nm as shown in Figure 1-4.79,80  
For  further  improvement  of  the  photocurrent  in  polymer  solar  cells,  it  is  necessary to 
absorb photons in near-infrared (NIR) regions because solar spectrum exhibits a maximum 
photon flux around 700 nm (Figure 1-4).  Consequently, a variety of low-bandgap polymers 
(LBPs) have been developed to absorb a broad range from visible to NIR regions of solar 
light most recently.79–82  In 2007, poly-[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-
b']-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)  (PCPDTBT),  which  is  one  of  the  LBP 
7
Figure 1-4.  Absorption spectra and chemical structures of RR-P3HT (solid line), PCPDTBT 
(broken line), and a naphthalocyanine derivative (thick solid line) are shown together with the 
AM 1.5G standard solar spectrum.
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(Figure 1-1c) having maximum absorption peak around 800 nm (Figure 1-4), based solar cells 
blended  with  PC71BM  (Figure  1-1f)  exhibited  higher  photocurrent  (short-circuit  current 
density (JSC) of ~16 mA cm−2)81 than RR-P3HT:PCBM cells (JSC of ~10 mA cm−2).65  In 2009, 
Chen et al. reported a high PCE of  7.7% by using different LBP blended with PC71BM.82 
Most recently, Nov., 29, 2010, Konarka's group reported the highest PCE of 8.3% on their 
homepage.83 
On the other hand, dye sensitization by dye molecules absorbing NIR light is another way 
to  improve  the  light-harvesting  efficiency,  but  there  have  been  few  reports  of  success. 
Recently, the dye-sensitization effect has been demonstrated for polymer:fullerene BHJ solar 
cells.84  In general, dye molecules are simply blended as the third component to absorb the 
solar light at longer wavelengths that the original donor and acceptor materials cannot harvest, 
for  example,  naphthalocyanines  as  shown in  Figure  1-4.   This  is  a  simple  and  versatile 
method,  and therefore various dye  molecules  are  available.   In most  cases,  however,  dye 
introduction rarely improved the device performance if not degrading it.  This is considered to 
be  due  to  the  formation  of  dye  aggregations  in  blend  films,  which  would  reduce  the 
absorption efficiency or the charge mobility of the active layer.85–87  Moreover, for efficient 
sensitization,  not  only  the  suppression  of  dye  aggregations  but  also  the  location  of  dye 
molecules in blend films should be important.  The dye molecules doped into donor:acceptor 
blend films are required to generate charge carriers of donor cations and acceptor anions from 
dye excitons.  In other words, dye molecules must be located at the interface between donor 
and acceptor as illustrated in Figure 1-5 in order to enhance the photocurrent density.  This is 
a highly complicated but challenging and worthwhile investigation.  This thesis focuses on the 
dye-sensitized ternary blend solar cells in detail.  
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Figure 1-5.  Schematic illustration of dye-sensitized ternary blend solar cells consisting of a 
donor, an acceptor, and a light-harvesting dye.  
1.1.2. Dye Sensitization
Here a brief history and essence of the dye sensitization, which is adopted to polymer solar 
cells in this thesis, are provided.  Sensitization of solid materials implies usually an extension 
of photosensitivity towards longer wavelengths, where the original material is not sensitive to 
incident light.  It  is an interesting convergence of photography and photoelectrochemistry, 
both  of  which  rely  on  photoinduced  charge  separation  at  a  liquid/solid  interface.   This 
phenomenon  was  first  discovered  by  Vogel,  as  early  as  1873.88  He  investigated  the 
sensitization  of  silver  halide  emulsions  (with  band  gaps  of  2.7–3.2  eV  and  therefore 
insensitive to much of the visible spectrum) with organic dyes,  finding the photoresponse 
significantly extended into the red and even infrared, making possible the “panchromatic” 
broad-spectrum black and white film and then color photography.  The first sensitization of a 
photoelectrode  followed  shortly  thereafter,  using  a  similar  chemistry.89  Their  operating 
mechanism is by injection of electrons from photoexcited dye molecules into the conduction 
band  of  the  n-type  semiconductor  substrates.90  In  subsequent  years,  Tsubomura  et  al. 
introduced  a  polycrystalline  ZnO electrode  having  a  high  surface  area  to  adsorb  a  large 
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amount  of dyes.91  Simultaneously,  the  idea  developed  that  the  dye  could  function  most 
efficiently if chemically modified on the surface of the semiconductor.91,92  
In 1991, O'Regan and Grätzel reported significantly high efficient dye-sensitized solar cells 
(DSSC) with a PCE of 7.1%.93  The standard dye at  the time was  tris(2,2'-bipyridyl-4,4'-
carboxylate)ruthenium (II) (Figure 1-6a), the function of the carboxylate being the attachment 
by chemisorption of the chromophore to the metal oxide surface.  This was the highest PCE 
reported for organic solar cells, including polymer solar cells, in those days because of their 
efficient charge generation and collection processes.  In dye-sensitized n-type semiconductor 
materials, such as TiO2, a current is generated by electron injection from a photoexcited dye 
molecule into the conduction band of the semiconductor as shown in Figure 1-6b.  Here, the 
semiconductor can efficiently accept electrons from dye excitons on the 100 fs or faster time 
scale.94–97  This is due to the semiconductor chemically modified by the single dye layer.  Such 
a dye layer does not require exciton migration to the interface.  The fast electron injection 
10
Figure 1-6.  a)  A structure of ruthenium (Ru) complex dye used in  DSSC in 1990s.   b) 
Schematic  illustration  of  the  photon-to-current  conversion  processes  in  DSSC:  1)  light 
absorption by dyes attached on metal oxide semiconductors, 2) ultrafast electron injection 
from the excited state of dyes to conduction band of metal oxide, and 3) deoxidization of dye 
cations by electrolyte of redox couple (R/R−).  S, S*, and S+ represent sensitizer; photo-excited 
sensitizer; and oxidized sensitizer, respectively.
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without exciton migration is the first key point for efficient dye sensitization.  In addition, the 
high surface area of the semiconductor enables the efficient photon-harvesting by the single 
dye layer.  To complete the circuit, the dye must be regenerated by electron transfer from a 
redox  species  in  solution  which  is  then  reduced  at  the  counter  electrode  (Figure  1-6b). 
Another key point is that the dye molecules are located just at the interface of the electron 
donor  electrolyte  and  the  electron  acceptor  metal  oxide  by  the  chemical  modification. 
Moreover, it is also an essential key point for the highly efficient charge extraction to select 
the potential of the redox couple which mediates charge transfer between the electrode.  In 
other words, the HOMO level of dyes must be lower than the potential of redox couple and 
the LUMO level of dyes must be higher than the conduction band of semiconductors.  For 
further  improvement  of  photosensitivity  in  DSSC,  multi-colored  dye  sensitization  with 
different dye molecules has been reported.98  In most cases, however, unfavorable interactions 
between different dye molecules often cause degradation in the device performance.  A few 
successful attempts have demonstrated that this problem can be avoided by constructing a 
dye-bilayer  structure  stained  with  two  different  dyes99,100 or  by  selecting  a  suitable  co-
adsorbing material101,102 to inhibit dye aggregation.  
There are three key points to enhance the photosensitivity of polymer solar cells by dye 
molecules in DSSC: (i) the fast charge separation from the dye excitons, (ii)  the selective 
localization of the dye at the polymer/fullerene interface, and (iii) the energy level alignment 
of the HOMO and LUMO energy levels of the dye (Figure 1-7a).  The lower bandgap of the 
dye  than  that  of  the  conjugated  polymer  is  of  course  essential  requirement  for  dye 
sensitization  at  longer  wavelengths.   The  dyes  of  porphyrin,  phthalocyanine,  and 
naphthalocyanine derivatives shown in Figure 1-7b are well-known in various fields such as 
sensitizers,103 light-emitting diodes,104 optics,105 and organic solar cells.35,106,107  In particular, 
phthalocyanine and naphthalocyanine derivatives have a strong absorption band around 670 
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and 780 nm (Figure 1-7b), respectively,104 and their HOMO and LUMO levels can be changed 
by  changing  the  center  metal  atom  and  substituents  connecting  to  (na)phthalocyanine 
rings.104,108–112  Therefore,  these  dyes  can  be  suitable  as  the  third  component  doped  into 
polymer solar cells to collect the NIR light.  
1.1.3. Energy Transfer
The energy transfer is  an important photophysical  process when two or more different 
chromophores such as conjugated polymers and dye molecules are close to each other by 
blending them in the same solution or film.  The transfer of energy from initially excited 
donor to energy-accepting chromophores in the ground state is often referred to as “energy 
transfer” (Figure 1-8a).  It can be considered that the energy transfer has a critical influence 
on  the  photophysical  processes  in  dye-sensitized  polymer  solar  cells.   The  general 
12
Figure 1-7.  a) Schematic energy diagrams of a donor, an acceptor, and a dye as ternary 
blended materials in dye-sensitized polymer solar cells.  For efficient dye sensitization, the 
dye must be located at the interface of donor/acceptor and LUMO level of the dye must be 
higher than that of the acceptor and HOMO level of the dye must be lower than that of the 
donor.   b)  Chemical  structures  and  absorption  spectra  of  porphyrin  (solid  line), 
phthalocyanine (broken line), and naphthalocyanine (dashed line) dyes dissolved in solution. 
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requirements for energy transfer between a donor and an acceptor are: 1) the energy of donor 
excited state should be higher than that of the acceptor excited state and 2) the rate of energy 
transfer should be more rapid than the decay rate of the donor excited state.  Such energy 
transfer has attracted much interest in a number of emerging applications such as fluorescence 
imaging technologies,113 molecular  beacon biosencors,114 electroluminescent  devices,115 and 
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Figure  1-8.  a)  Schematic  illustration  of  energy  transfer.   b)  Absorption  spectrum  of 
phthalocyanine dyes  (energy acceptor;  solid line)  and fluorescence spectrum of RR-P3HT 
(energy donor; broken line).  
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quantum yield  of  the  donor,  τD is  the  photoluminescence  lifetime  of  the  donor,  n is  the 
refractive index of the medium, NA is Avogadro's number, R is the distance between the donor 
and the acceptor, fD(  ) is the peak-normalized fluorescence spectrum of the donor, εA(  ) is 
the molar absorption coefficient of the acceptor, and    is the wavenumber.  The larger the 
overlap between the fluorescence spectrum of the donor and the absorption spectrum of the 
acceptor as shown in Figure 1-8b becomes, the faster the energy transfer rate becomes.  R0 is 
the critical transfer distance (Förster radius) at which the energy transfer rate is equal to the 
decay rate.  For the donor with a high  Qy and strong spectral overlap with the acceptor's 
absorbance,  R0 would typically be ~5 nm,120–124 which is much longer than the scale of an 
electron transfer125–129 and is comparable to the exciton diffusion length of the polymer excited 
state (~10 nm).32–34  Therefore,  it  is noteworthy that the Förster  radius is large enough to 
influence  the  photophysical  processes  in  conjugated  polymer  based  devices,  such  as  EL 
devices and solar cells.  
In the system of polymer solar cells based on donor:acceptor:dye ternary blends, NIR light-
absorbing  dye  molecules  doped  into  donor:acceptor  matrices  can  collect  energy  of  the 
polymer excited state by energy transfer because of a large spectrum overlap (Figure 1-8b).  It 
was noted above that the dye molecules must be located at the donor/acceptor interface for 
efficient  charge generation from the dye  excitons.   This  is  also true for the dye excitons 
generated by the energy transfer.  Thus, the interfacial localization of the dye molecules is 
strongly  required  in  donor:acceptor:dye  ternary  blend  solar  cells.   After  meeting  such  a 
requirement, the dye can act not only as a photosensitizer but also as an energy funnel at the 
donor/acceptor interface.  
1.1.4. Ternary Blend Films
In  dye-sensitized  polymer  solar  cells  based  on  ternary  blend  films,  the  selective 
localization of dye molecules at the interface is essential for efficient dye sensitization and 
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energy collection as mentioned above.  However, the ternary blend films consisting of three 
different  materials  show  various  phase  separation,  which  is  more  complicated  than  that 
observed in binary blend films.  The third material added can be located in one phase of the 
two original materials or at  the interface of phases of original two materials  as shown in 
Figures 1-9a–c.  The surface free energy (γ) of materials can be considered as a key factor of 
selective localization.   There are many reports  in which the location of the third material 
added to the binary blend films is predicted by the surface energy of materials used in ternary 
blends.  Sumita et al.130 established a parameter of the wetting coefficient (ωC) to predict the 
location  of  material  C in  blends  of  materials  A and B as  follows.   They considered  the 
localization mechanism based on a simple model to minimize the total  interfacial  surface 
energy in the ternary blend system.  Figure 1-9d is used to explain the wetting behavior of the 
particular component C at the interface of two phases (A and B).  If the interfacial free energy 
at the interface is at minimum, the next equilibrium equation is valid: 
G = C –A  AC–A  C – B AC– B  A – B AA – B
= C – A 2r sin  r  − C– B 2r sin  r   A –B 2 r sin  r 
= 0 , 1−3
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Figure 1-9.  Schematic illustration of a-c) the location of thirdly added material C into A:B 
blends  predicted  by wetting  coefficient  ωC and  d)  the  wetting  behavior  of  the  particular 
component C at the interface of A/B.  
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where r and θ are the radius and angle of material C as shown in Figure 1-9d and AX–Y and γX–Y 
are the area and surface tension of X/Y interface, respectively.  The  γX–Y can be calculated 
using the Neumann's equation
X– Y = X  Y − 2X Y exp − β X −Y2 , 1−4  
where  γX is  the surface energy of material  X and  β = 0.000115 m4 mJ−2.131  The wetting 
coefficient can be calculated from the interfacial surface energies in the system using Young's 





If ωC is > 1, material C will be located in domain A.  If ωC < −1, C will be located in domain 
B.  If −1 < ωC < 1, C will be located at the interface between A and B, as shown in Figures 
1-9a–c.  This prediction of the materials doped into polymer blends has been attempted to 
various materials such as conductive carbon black particles,130 carbon nanotubes,132–134 CaCO3 
nanoparticles,135 and polymers.136  Such a  prediction  is  adopted  to  the  donor:acceptor:dye 
ternary blend films to determine the location of dyes.  
1.2. Outline of This Thesis
The aim of this thesis is to develop the dye modification of the donor/acceptor interface in 
polymer solar cells and elucidate the influence of dye molecules on the device performance, 
film morphology, and photophysical dynamics.  This thesis consists of six chapters.  The first 
chapter describes the historical background and the motivation of this thesis.  The following 
chapters  are  divided  into  three  parts.   The  relationship  of  each  chapter  in  this  thesis  is 
summarized in Figure 1-10.  
In Part I (Chapter 2), the effect of the dye molecules located at the donor/acceptor interface 
are described before the attempt to construct more complicated dye-sensitized ternary blend 
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solar cells.  
In  Chapter  2,  the  dye  modification  at  the  interface  of  donor/acceptor  with  Ru-dye 
molecules in organic-inorganic hybrid solid solar cells is studied using double-layered cells 
consisting of RR-P3HT and a flat layer of dense TiO2.  The improvement of the photocurrent 
by dye  molecules  at  the  interface  is  discussed  in  terms  of  dye-sensitization  and exciton-
harvesting processes.
In Part II (Chapter 3–4), the author demonstrates the application of the dye sensitization to 
polymer:fullerene BHJ solar cells by the introduction of single or double NIR dyes.  
In Chapter 3, the enhancement of the light-harvesting efficiency in RR-P3HT:PCBM BHJ 
solar  cells  is  demonstrated  by  the  introduction  of  phthalocyanine  molecules  as  the  third 
component at the RR-P3HT/PCBM interface.  To examine the relationship between the device 
performance and the dye structure, which would affect the formation of dye aggregations in 
the blend film, the author employs two kinds of phthalocyanine dyes with different chemical 
structures as shown in Figure 1-10; a zinc phthalocyanine (ZnPc), which is easy to stack and 
aggregate  together  by  an π–π  interaction  of  phthalocyanine  plane,  and  a  silicon 
phthalocyanine (SiPc), which is difficult to stack each other by bulky substituents.137,138  The 
improvement of light-harvesting efficiency and photocurrent by dye molecules are discussed 
in terms of the location of dye molecules and the light-harvesting mechanism based on the 
dye sensitization and the exciton harvesting.  
In Chapter 4, multi-colored dye sensitization is examined for further enhancement of the 
sensitized  window in the  NIR regions.   Silicon  naphthalocyanine  (SiNc),  which  also  has 
bulky substituents perpendicular to the naphthalocyanine plane to inhibit the aggregation, is 
doped into RR-P3HT:PCBM blends in addition to SiPc to extend the photosensitivity up to 
800 nm.  
Part  III  (Chapter  5–6),  provides  more  detailed  information  on  the  mechanism of  dye 
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localization and light harvesting in dye-sensitized ternary blend films.  
In Chapter 5, selective dye loading at the polymer/fullerene interface is  studied for RR-
P3HT:PCBM:SiPc  ternary  blend  BHJ  solar  cells.  The  interfacial  segregation  of  dye 
molecules  in  ternary  blend  films  is  discussed  in  terms  of  the  surface  energy  of  each 
component and the crystallization of P3HT enhanced by annealing.  
In  Chapter  6,  the  light-harvesting  mechanism  by  dye  molecules  loaded  into 
polymer:fullerene blends is comprehensively studied by transient absorption spectroscopy for 
ternary  blend  films  of  RR-P3HT:PCBM:SiPc.   On  the  basis  of  quantitative  analyses  of 
transient  absorption  spectra  and  decay  dynamics  upon  dye  or  polymer  excitation,  the 
fundamental  photovoltaic  conversion  processes  are  demonstrated.   Furthermore,  the 
interfacial morphology of blend films is discussed through the annealing conditions and the 




Figure 1-10.  Relationship of each chapter in this thesis.
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Improvement of Charge Injection Efficiency in Organic-
Inorganic Hybrid Solar Cells by Chemical Modification of 
Metal Oxides with Organic Molecules
2.1. Introduction
Much  attention  has  been  focused  on  organic-inorganic  hybrid  solar  cells  with  the 
expectation of producing materials integrating the advantages of the two materials: solution 
processability,  high  hole  mobility,  and  photosensitivity  of  conjugated  polymers  and  high 
electron mobility of inorganic semiconductors.  However, the energy conversion efficiency 
(η) of the hybrid solar cells is still low ( 1%)∼ 1–4 owing to the poor interfacial contact between 
the organic and inorganic materials.   Thus,  much effort  has been devoted to improve the 
electronic  junction  between  the  two  materials  by incorporating  conjugated  polymers  into 
porous metal oxide5,6 or controlling the blending morphology of the conjugated polymer and 
inorganic  nanoparticles.7  Previously,  the  author's  group  have  reported  that  surface 
modification  of  SnO2 nanoparticles  with  a  fullerene  derivative  improves  the  cell 
performance.8,9  This  indicates  that  the  chemical  modification  with  organic  molecules 
enhances the electron injection efficiency from a conjugated polymer to SnO2 or improves the 
interfacial  contact  between  them.   Only  recently  there  are  some  reports  on  similar 
improvement  in  the  photocurrent  by  the  chemical  modification  with  ruthenium dyes,10,11 
although most studies have thus far focused on the photosensitizing effect of the dyes because 
they serve as an efficient photosensitizer for TiO2 in dye-sensitized solar cells resulting in an 
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energy conversion efficiency of over 11%.12,13  However, the mechanism for the improvement 
by the chemical modification is poorly understood.  Here the author fabricates double layered 
hybrid solid solar cells consisting of regioregular-poly(3-hexylthiophene) (RR-P3HT) and a 
flat layer of dense TiO2 (d-TiO2) to address the effect of chemical modification of the metal 
oxide surface with organic dye molecules.  
2.2. Experimental Methods
Double layered hybrid solar cells were fabricated as follows.  A flat layer of  d-TiO2 (60 
nm)  was  prepared  on  an  indium tin  oxide  (ITO)  substrate  (10  Ω per  square)  by sol-gel 
method.14  The  substrate  coated  with  d-TiO2 was  immersed  in  an  ethanol  solution  of 
tris(isothiocyanato)ruthenium(II)-2,2′:6′,2″-terpyridine-4,4′,4″-tricarboxylic  acid,  tris-
tetrrabutylammonium salt (Black Dye, Solaronix SA).  A hole-transport layer (50 nm) was 
prepared on the  d-TiO2 layer by spin coating from a chlorobenzene solution of regioregular 
RR-P3HT  (Aldrich,  Mw =  87,000).   Finally,  the  Au  electrode  (50  nm)  was  thermally 
deposited on the top of the polymer films at 2.5×10−6 Torr.  For nanoporous hybrid solar cells, 
a nanoporous TiO2 layer (np-TiO2, 180 nm) was prepared on the   d-TiO2 layer by spin coating 
from an aqueous solution of anatase TiO2 nanoparticles with a diameter of 20 nm (Solaronix 
SA)  and  subsequently  sintered  at  150  °C  for  30 min.  Another  ruthenium  dye,    cis-
bis(isothiocyanato)bis(2,2′-bipyridyl-4,4′-dicarboxylato)ruthenium(II) (N3, Peccell), was also 
used for the nanoporous hybrid solar cells. 
2.3. Results and Discussion
Figure 2-1 shows the current density–voltage (J–V) characteristics of nanoporous hybrid 
solar cells based on RR-P3HT and np-TiO2 with and without N3 under simulated AM1.5G 
irradiation at an intensity of 100 mW cm−2 in the air.  Modifying the np-TiO2 layer with N3, 
short-circuit current density (JSC) of the hybrid solar cell reached 1.1 mA cm−2, which was 2.2 
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times larger  than that  without  N3.   Nelson and co-workers  have also reported on similar 
increases  in  the  photocurrent  for  hybrid  polymer-metal  oxide  solar  cells  modified  with  a 
ruthenium dye.10,11  It  seems  plausible  that  the  increased  photocurrent  is  ascribed  to  the 
efficient photosensitizing effect  of the dyes for metal oxide owing to the large absorption 
bands in the visible region and the effective electronic coupling through chemical bonding 
onto the metal oxide surface.  Interestingly, similar improvement has been also observed for 
other  hybrid  solar  cells  based  on  poly(2-methoxy-5-(3′,7′-dimethyloctyloxy)-p-
phenylenevinylene) (MDMO-PPV) and np-SnO2 modified with C60C(COOH)2;  JSC increases 
by a factor of 1.5 owing to the chemical modification (Table 2-1).9  However, the 1.5-fold 
increase in  JSC cannot be explained by the photosensitizing effect of C60C(COOH)2 because 
C60C(COOH)2 can capture only one-tenth photons compared with N3 owing to its small molar 
absorption  coefficient.   These  results  suggest  that  other  mechanisms  are  involved  in  the 
increase in JSC.  As have been discussed in previous studies,9–11 the chemical modification may 
improve electron injection efficiency in itself from the polymer to the metal oxide.  However, 
Figure  2-1.  J–V characteristics  of  organic-inorganic  hybrid  solar  cells  with  a  layered 
structure of ITO∣d-TiO2 (60 nm) np-TiO∣ 2 (180 nm)/N3/RR-P3HT (50 nm) Au cell (solid line)∣  
and ITO∣d-TiO2 (60 nm) np-TiO∣ 2 (180 nm)/RR-P3HT (50 nm) Au cell (broken line).∣
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Table  2-1.  Cell  performances  of  hybrid  solar  cells  under  the  illumination  of  AM1.5G 










np-SnO2 C60C(COOH)2 MDMO-PPV 0.32 0.63 0.42 0.085 9
np-SnO2 ··· MDMO-PPV 0.22 0.57 0.52 0.064 9
np-TiO2a N3 RR-P3HT 1.11 0.64 0.34 0.24 This work
np-TiO2a ··· RR-P3HT 0.50 0.45 0.39 0.088 This work
d-TiO2 Black Dye RR-P3HT 0.67 0.46 0.48 0.15 This work
d-TiO2 ··· RR-P3HT 0.23 0.35 0.40 0.032 This work
aTo prevent the direct contact between the ITO substrate and the overcoating conducting polymer, a flat 
layer of d-TiO2 (60 nm) was prepared under the np-TiO2 film.
the author cannot conclude that the electron injection efficiency is improved by the chemical 
modification because the modification could also improve the wetting of the oxide surface by 
the  polymer  resulting  in  the  enlargement  of  the interfacial  contact  area  where  the charge 
separation will occur. 
To determine the origin of the increase in JSC, the author measured the action spectra of a 
double layered cell based on RR-P3HT and d-TiO2 modified with ruthenium dyes.  Here the 
author  fabricated  a  flat  layer  of  d-TiO2 instead  of  the  np-TiO2 layer  to  eliminate  the 
enlargement effect of the interfacial contact area by the chemical modification, and Black Dye 
was selected as a photosensitizer because of the large absorption band (up to 900 nm), which∼  
is distinguishable from that of RR-P3HT.  As shown in Figure 2-2, the double layered cell 
without Black Dye exhibited a photocurrent only at the absorption wavelengths of RR-P3HT 
(400–640  nm).   On  the  other  hand,  the  double  layered  cell  with  Black  Dye  exhibited  a 
photocurrent not only at the absorption wavelengths of RR-P3HT around 400–640 nm but 
also at longer wavelengths of up to  800 nm.  The photocurrent action spectrum due to Black∼  
Dye was estimated from the absorption spectrum of Black Dye attached to the d-TiO2 surface 
under the assumption that the internal quantum efficiency is unity, as shown by the solid line 
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in  Figure  2-2.   This  was  in  good  agreement  with  the  photocurrent  action  spectrum  at 
wavelengths  longer  than  650  nm,  suggesting  that  the  Black  Dye  contributed  to  the 
photocurrent generation.   It  is noteworthy that the photocurrent of around 500 nm is still 
almost twice as large as that expected from the sum (broken line) of the photocurrent for the 
double layered cell without Black Dye (open squares) and that estimated for the Black Dye 
(solid line).  This enhancement is safely ascribable to the improvement in the charge injection 
efficiency from RR-P3HT to TiO2, because the interfacial contact area does not change at all 
in  the  double  layered  cell.   From  the  action  spectra,  furthermore,  the  increase  in  the 
photocurrent due to the improving efficiency of the charge injection was estimated to be more 
than three times that due to the photosensitizing effect of the dye.  These findings suggest that 
the chemical modification with dye molecules can contribute not just to the photosensitization 
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Figure 2-2.  Photocurrent action spectra of ITO∣d-TiO2 (60 nm) Black Dye RR-P3HT (55∣ ∣  
nm) Au  cell  (open  circles)  and  ITO∣ ∣d-TiO2 (60  nm) RR-P3HT  (55  nm) Au  cell  (open∣ ∣  
squares).  The solid line represents the photocurrent action spectrum of Black Dye estimated 
from the absorption spectrum of Black Dye under the assumption that the internal quantum 
efficiency is unity.  The broken line represents the sum of the photocurrent for the double 
layered cell  without Black Dye (open squares) and the estimated spectrum of Black Dye 
(solid line).
P3HT/Black Dye/TiO2 Devices
but mainly to the improvement in the charge injection efficiency in organic-inorganic hybrid 
solar cells.  
A possible explanation for the increase in JSC is the light harvest effect based on excitation 
energy  transfer  from RR-P3HT to  the  dyes  modified  on  the  TiO2 surface.   The  charge 
injection efficiency from the dyes to TiO2 is considered to be much higher owing to the direct 
chemical bonding compared with that from RR-P3HT to TiO2.  As shown in Figure 2-3, the 
absorption  of  the  dyes  has  a  spectral  overlap  with  the  emission  of  RR-P3HT.   Simple 
calculation assuming point dipoles gives a large Förster radius of beyond 2 nm for energy 
transfer from RR-P3HT excitons to dyes (Black Dye and N3), suggesting that the RR-P3HT 
exciton can efficiently transfer to the dyes bound to the TiO2 surface where charge separation 
will  occur  efficiently.   This  is  also  the  case  for  the  hybrid  cell  of  MDMO-PPV  and 
C60C(COOH)2 because of the efficient emission of MDMO-PPV although C60C(COOH)2 has a 
much  smaller  molar  absorption  coefficient  compared  with  ruthenium  dyes.   Indeed,  the 
Förster  radius  has  been  calculated  to  be  2  nm  for  MDMO-PPV  and  (1-(3-∼
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Figure 2-3.  Molar absorption coefficient of N3 in ethanol (thin solid line) and Black Dye in 
ethanol (thick solid line) and emission spectrum of a RR-P3HT film on a glass substrate 
(broken line).
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methoxycarbonyl)propyl-1-phenyl[6,6]methanofullerene  (PCBM).15  Furthermore,  similar 
energy transfer from an emissive conjugated polymer to PCBM has been reported for blend 
films.16  In the present TiO2-RR-P3HT system, the energy transfer rate from RR-P3HT to 
Black Dye is estimated to be as fast as 5 × 10∼ 11 s−1 for a spatial separation of 1 nm, which is 
sevenfold the energy migration rate among polymers at the same spatial separation.  The long 
distance and fast rate of energy transfer suggest that RR-P3HT excitons can be collected at the 
charge separation interface more  efficiently through the  direct  energy transfer  rather  than 
successive energy migration among RR-P3HT moieties.  A similar finding has been reported 
for a flat RR-P3HT/TiO2 hybrid solar cell with a thin layer of a low band-gap polymer at the 
interface.17  These light harvesting effects would contribute to the increase in JSC. 
Another explanation is the improvement of electronic junction at the interface of polymer 
and metal oxide.  The modification of inorganic metal oxide with organic molecules made the 
metal oxide surface hydrophobic, resulting in better interfacial contact with the hydrophobic 
organic polymer.  Indeed, the water contact angle of the d-TiO2 surface increased from 14° to 
30° after the chemical modification with N3.  This improved contact enhances the electronic 
coupling  between  them  because  of  the  large  orbital  overlapping.   Furthermore,  electron 
transfer from RR-P3HT to TiO2 through dyes is thermodynamically allowed because of the 
appropriate gradient of the lowest unoccupied molecular orbital or conduction band potential 
energy: 3.0 eV (RR-P3HT),  18 3.9 eV (N3),  19 and 4.0 eV (TiO  2)19 below vacuum level.  As a 
result, the modification molecules serve as an electronic mediator that enhances the electron 
transfer  efficiency  from  polymer  to  metal  oxide.   Efficient  electron  transfer  through  a 
mediator has been widely reported for other experimental systems, including photosynthetic 
reaction centers,20 DNA,21 and self-assembly monolayer systems.22 
Finally, it should be noted that the chemical modification improved not only JSC but also 
open-circuit voltage (VOC) as summarized in Table 2-1.  The increase in VOC suggests that the 
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charge recombination is efficiently suppressed by the chemical modification.  This is probably 
because the dyes at the interface separate the polymer from the metal oxide properly and 
prevent  the  direct  contact  between  them,  thereby  suppressing  the  charge  recombination 
between the holes in the polymer and the electrons injected into the metal oxide. 
2.4. Conclusions
The effect of chemical modification of metal oxide surface with dye molecules in organic-
inorganic hybrid solid solar cells was studied by using double layered cells consisting of RR-
P3HT and  a  flat  layer  of  d-TiO2.   The  EQE  measurements  revealed  that  the  chemical 
modification with dye molecules can serve not only as a photosensitizer but mainly as an 
energy funnel and/or an electronic mediator to significantly improve the electron injection 
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Improvement of the Light-Harvesting Efficiency in 
Polymer/Fullerene Bulk Heterojunction Solar Cells by 
Interfacial Dye Modification
3.1. Introduction
Polymer:fullerene  bulk  heterojunction  (BHJ)  solar  cells  have  attracted  much  attention 
because they are  considered to  be a promising candidate for a  lightweight,  flexible,  cost-
effective,  large-area,  and renewable energy source.1–9  Since the 1990s,  power conversion 
efficiencies  (PCEs)  of  polymer:fullerene  solar  cells  have  been  steadily  improved,  and  in 
recent  years,  operational  stabilities  of  such  devices  have  also  been  studied  for  practical 
application.10–15  Currently, the most effective materials employed in polymer:fullerene BHJ 
solar cells are regioregular poly(3-hexylthiophene) (RR-P3HT; Figure 3-1a) as the donor and 
1-(3-methoxycarbonyl)propyl-1-phenyl[6,6]methanofullerene  (PCBM;  Figure  3-1b)  as  the 
acceptor.   Recently,  PCEs approaching 5% have been reported by several  groups for this 
donor/acceptor  combination.16–19  Furthermore,  short-circuit  external  quantum  efficiencies 
(EQEs) exceed 70% for such devices,18,19 suggesting that most excitons can contribute to the 
photocurrent generation although photoluminescence (PL) from RR-P3HT is still  observed 
after thermal annealing.18  In other words, it can safely be said that there is little room for 
significant improvement in the short-circuit current density (JSC) for BHJ solar cells based on 
only RR-P3HT and PCBM. 
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Figure 3-1.  Chemical structures of (a) the donor material RR-P3HT, (b) the acceptor material 
PCBM, and the near-infrared dyes (c) ZnPc and (d) SiPc.  The ZnPc molecule is a planar 
structure, while the SiPc molecule is a bulky structure with bis(trihexylsilyl oxide) groups in 
the axial direction perpendicular to the phthalocyanine plane. 
To collect the solar light more efficiently, a variety of low-band-gap polymers have been 
developed over the last several years20–23 because RR-P3HT can absorb only ~25% of the total 
number of photons in the solar light.9  It is striking that a PCE of over 5% has been reported 
for  blend films of  a low-band-gap polymer and the C70 derivative of  PCBM.23,24  At  this 
moment,  however,  there  are  few successful  reports  on  low-band-gap polymer-based  solar 
cells, partly because it is difficult to synthesize low-band-gap polymers with a high charge 
mobility.25  On the other hand, dye sensitization is another approach to improving the light-
harvesting efficiency,  but  there  have been few successful reports  for  improving the light-
harvesting efficiency in polymer BHJ solar cells.  Only recently, the dye-sensitization effect 
has been demonstrated for polymer:fullerene BHJ solar cells.26  In general, dye molecules are 
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simply blended as the third component to absorb the solar light at longer wavelengths that the 
original donor and acceptor materials cannot harvest.  This is a simple and versatile method, 
and therefore various dye molecules are available.  In most cases, however, dye introduction 
rarely improved but rather degraded the device performance.  This is considered to be due to 
the  formation  of  dye  aggregations  in  blend  films,  which  would  reduce  the  absorption 
efficiency or the charge mobility of the active layer.27–29 
Herein the author  reports  the photovoltaic  properties  of  BHJ solar  cells  based on RR-
P3HT:PCBM blends incorporated with a dye molecule.  To examine the relationship between 
the device performance and the formation of dye aggregations in the blend film, the author 
employs  two  near-infrared  dye  molecules  with  different  structures:  one  is  zinc 
2,3,9,10,16,17,23,24-octakis(octyloxy)-29H,31H-phthalocyanine (ZnPc; Figure 3-1c), and the 
other is silicon phthalocyanine bis(trihexylsilyl oxide) (SiPc; Figure 3-1d).  The improvement 
of light-harvesting efficiency and hence photocurrent by dye molecules are discussed in terms 
of  the  location  of  dye  molecules  and  the  light-harvesting  mechanism  based  on  the  dye 
sensitization and the exciton harvesting.  
3.2. Experimental Methods
All devices were fabricated as follows: indium tin oxide (ITO)-coated glass substrates (10 
Ω per square) were washed by ultrasonication in toluene, acetone, and ethanol for 15 min, 
dried with N2,  and then cleaned with a UV–O3 cleaner (Nippon Laser & Electronics NL-
UV253S) for 30 min.  A thin layer (ca. 40 nm) of poly(3,4-ethylenedioxythiophene) oxidized 
with poly(4-styrenesulfonate) (PEDOT:PSS; H. C. Starck PH500) was spin-coated onto the 
cleaned substrates at a spin rate of 3000 rpm, and the layer was dried at 140 °C for 10 min in 
air.  A blend layer of RR-P3HT:PCBM:dye (100 nm) was spin-coated from a chlorobenzene 
solution on the PEDOT:PSS film at 1200 rpm for 60 s.  The blend solution was prepared as 
follows: RR-P3HT (Plextronics,  regioregularity > 98%, number-average molecular weight, 
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Mn ~ 45,000−65,000 g mol−1) was dissolved in chlorobenzene (10 mg mL−1), and the solution 
was stirred at 40 °C overnight.  To the solution were added PCBM (Frontier Carbon; 10 mg 
mL−1) and dye (Aldrich, ZnPc or SiPc; 0.7 mg mL−1).  Note that the dye concentration was 
optimized in the range from 0.1 to 2.0 mg mL−1.  The blend solution was filtered with a 0.45-
μm poly(tetrafluoroethylene) filter before the spin coating.  The active layer was thermally 
annealed at 150 °C for 30 min in a N2-filled glovebox.  A thin layer of TiOx (<10 nm) was 
prepared by the spin coating from a dehydrated ethanol solution of titanium isopropoxide 
(Aldrich) at 2000 rpm for 60 s.30  Finally, the aluminum electrode (70 nm) was thermally 
deposited on top of the TiOx layer at 2.5 × 10−4 Pa.  For comparison, RR-P3HT:PCBM control 
devices without dye were also prepared separately under the same conditions to give the same 
active layer thickness. 
Absorption  and  PL spectra  were  measured  with  a  spectrophotometer  (Hitachi  model 
U-3500) and a spectrofluorometer (Jasco model FP-6600), respectively.  The film thickness 
was evaluated with an atomic force microscope (Shimadzu model SPM-9500J) in the contact 
mode at  room temperature.   The  J−V characteristics  were measured  with a  direct-current 
voltage  and  a  current  source/monitor  (Advantest  model  R6243)  in  the  dark  and  under 
illumination with AM1.5G simulated solar light with 100 mW cm−2.  The light intensity was 
corrected with a calibrated silicon photodiode reference cell (Peccell model PECSI01).  The 
photocurrent  action  spectra  were  measured  with  a  digital  electrometer  (Advantest  model 
R8252) under monochromatic light illumination from a 500-W xenon lamp (Thermo Oriel 
model  66921)  with  optical  cut  filters  and  a  monochromator  (Thermo  Oriel,  UV−visible 
Cornerstone).  The active area of the device was 0.07 cm−2.  The illumination was carried out 






The author first compares the absorption spectra of the two dye molecules in solutions and 
in blend films before and after annealing.  In blend solutions, as shown in parts a and b of 
Figure 3-2, a large and broad absorption and a small and sharp absorption were observed at 
around  460  and  670  nm,  which  are  ascribable  to  RR-P3HT  and  dye  (ZnPc  or  SiPc), 
respectively.  The absorption spectrum of each blend solution is a simple superposition of the 
RR-P3HT and dye spectra because of little contribution of PCBM in the same wavelength 
range, indicating homogeneous mixing and no interaction in the ground state.  On the other 
hand, the blend films showed different absorption spectra between ZnPc and SiPc.  As shown 
in  parts  c  and  d  of  Figure  3-2,  the  RR-P3HT:PCBM:ZnPc  blend  film exhibits  a  distinct 
absorption band of RR-P3HT at around 500 nm and a significantly broadened and decreased 
absorption  band of  ZnPc at  around 670 nm,  while  the  RR-P3HT:PCBM:SiPc  blend film 
exhibits  distinct  absorption  bands  of  RR-P3HT  and  SiPc  at  around  500  and  670  nm, 
respectively, as with the blend solution.  Note that ZnPc molecules certainly exist in the blend 
film because the ZnPc absorption was observed for a solution prepared by dissolving the 
blend film again.  Therefore, the decrease in the absorption of ZnPc indicates the formation of 
dye aggregations in the film, which would reduce the effective absorption coefficient.31,32  As 
shown in parts e and f of Figure 3-2, a similar tendency was observed for the blend films after 
annealing:  the ZnPc absorption was still  negligible,  but the SiPc absorption remained the 
same as that before annealing.  It is noteworthy that the RR-P3HT:PCBM:SiPc blend film 
exhibits a large absorption of RR-P3HT with a distinct shoulder at around 600 nm comparable 
to those for the control device without SiPc, which are indicative of crystallization of RR-
P3HT,33,34 while the RR-P3HT:PCBM:ZnPc blend film exhibits relatively smaller changes in 
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the  absorption  of  RR-P3HT.   This  difference  suggests  that  ZnPc  molecules  disturb  the 
crystallization of RR-P3HT, while SiPc molecules do not at all.  These spectral differences are 
discussed later in terms of molecular structures. 
Figure 3-2.  Absorption spectra of blend solutions, as-cast films, and annealed films with 
(solid lines) and without dye molecules (broken lines): (a) RR-P3HT:PCBM:ZnPc solutions, 
(b)  RR-P3HT:PCBM:SiPc  solutions,  (c)  RR-P3HT:PCBM:ZnPc  as-cast  films,  (d)  RR-
P3HT:PCBM:SiPc  as-cast  films,  (e)  RR-P3HT:PCBM:ZnPc  annealed  films,  and  (f)  RR-




The author turns now to the device performance of these two blend films with different dye 
molecules.  Figure 3-3a shows the  J−V characteristics of RR-P3HT:PCBM:ZnPc solar cells 
and RR-P3HT:PCBM control cells before and after  annealing under AM1.5G illumination 
from a calibrated solar simulator with an intensity of 100 mA cm−2.  The averaged device 
parameters of these cells are summarized in Table 3-1.  Before the thermal annealing, the J−V 
curve (thin solid line) was almost the same as that for the control cell without ZnPc (thin 
broken line).  After the thermal annealing, JSC significantly increased and was comparable to 
that for the control cell without ZnPc (thick broken lines), while the fill factor (FF) was much 
smaller than that for the control cell.  As a result, the introduction of ZnPc decreased PCE 
from 2.2  to  1.1%.   Such a  poorer  performance  can  be  ascribed  to  the  formation  of  dye 
aggregations in blend films.  In particular, the  J−V curve with an inflection point has been 
occasionally seen for organic solar cells, indicating that there is a transport-limiting interface 
close to  the aluminum electrode.35,36  Therefore,  aggregations  of ZnPc molecules  are  also 
likely to limit the transport of photogenerated charges at the interface.  On the other hand, as 
shown  in  Figure  3-3b  and  Table  3-1,  the  RR-P3HT:PCBM:SiPc  device  exhibits  a 
distinguished increase in JSC to 7.9 mA cm−2 after the thermal annealing, which is even higher 
than that for the control device (6.5 mA cm−2).  It should be noted that FF remained the same 
as that for the control device without SiPc even after the thermal annealing, which would 
induce the formation of dye aggregations.  As a result, the overall performance improved to 
PCE = 2.7%.  This finding suggests that the appropriate selection of dye molecules is crucial 
for improving the device performance effectively. 
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Figure  3-3.  J−V characteristics  of  RR-P3HT:PCBM  blend  films  with  (solid  lines)  and 
without  dye  (broken  lines)  before  (thin  lines)  and  after  annealing  (thick  lines):  (a)  RR-
P3HT:PCBM:ZnPc; (b) RR-P3HT:PCBM:SiPc. 
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Table 3-1.  Averaged device parameters of RR-P3HT:PCBM solar cells with and without 
dye.a
JSC / mA cm−2 VOC / V FF PCE / %
RR-P3HT:PCBM 1.5 0.60 0.33 0.30
RR-P3HT:PCBM:ZnPc 1.9 0.58 0.32 0.35
RR-P3HT:PCBM:SiPc 2.1 0.64 0.43 0.58
RR-P3HT:PCBM (annealed) 6.5 0.58 0.59 2.2
RR-P3HT:PCBM:ZnPc (annealed) 6.2 0.48 0.37 1.1
RR-P3HT:PCBM:SiPc (annealed) 7.9 0.58 0.59 2.7
aAll of the parameters are averaged valiues for at lease 10 devices.
3.3.3. EQE Spectra
In order to address the origin of the increase in  JSC by the addition of SiPc, the author 
measured the EQE spectra of RR-P3HT:PCBM:SiPc and RR-P3HT:PCBM:ZnPc devices for 
comparison.  In the EQE spectra of the RR-P3HT:PCBM:ZnPc devices, as shown in Figure 
3-4a, the photocurrent peak was observed only in the wavelength range (400−600 nm) of the 
RR-P3HT absorption  and  no  photocurrent  signal  was  observed  in  the  wavelength  range 
(650−700 nm) of the ZnPc absorption,  which is in agreement with the absorption spectra 
mentioned before.  On the other hand, as shown in Figure 3-4b, the RR-P3HT:PCBM:SiPc 
devices exhibit two EQE peaks in the wavelength range of the RR-P3HT absorption and also 
in the longer wavelength range (650−700 nm) of the SiPc absorption.  Before the thermal 
annealing, the EQE corresponding to the RR-P3HT absorption (470−600 nm) was comparable 
to  that  for  the  control  device  without  SiPc  (20%).   The  EQE corresponding  to  the  SiPc 
absorption  (650−700  nm)  was  as  high  as  10%,  which  is  clear  evidence  that  direct 
photoexcitation  of  SiPc  does  contribute  to  photocurrent  generation.   After  the  thermal 
annealing, the EQE corresponding to direct photoexcitation of SiPc (650−700 nm) increased 
up to 20% compared to that before annealing (10%), suggesting that the thermal annealing 
results  in an increase in the number of SiPc molecules that  can directly contribute to the 
51
P3HT:PCBM:SiPc Ternary Blend Devices
photocurrent.   More  interestingly,  the  EQE  corresponding  to  the  RR-P3HT  absorption 
(470−600 nm) also increased to 60% compared to that for the control device without SiPc 
(50%), suggesting that SiPc molecules are not directly involved in the photoabsorption but, 
nonetheless, promote charge generation from RR-P3HT excitons indirectly.  In other words, 
there are two origins for the increase in JSC by the addition of SiPc molecules: one is that the 
direct  contribution  of  SiPc  to  the  photocurrent  results  from  photoexcitation  of  the 
incorporated  SiPc  itself,  and  the  other  is  that  the  indirect  contribution  of  SiPc  to  the 
photocurrent results from the improvement in the charge generation from RR-P3HT excitons 
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Figure 3-4.  EQE spectra of RR-P3HT:PCBM blend films with (solid lines) and without dye 
(broken  lines)  before  (thin  lines)  and  after  annealing  (thick  lines):  (a)  RR-
P3HT:PCBM:ZnPc; (b) RR-P3HT:PCBM:SiPc. 
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in the presence of SiPc.  From the EQE spectra, the contribution of each mechanism to the 
increase in JSC was evaluated to be 0.4 mA cm−2 for the direct mechanism and 1.0 mA cm−2 for 
the  indirect  mechanism.   Therefore,  the  increase  in  JSC is  mainly  due  to  the  indirect 
contribution of SiPc to the improvement in the charge generation from RR-P3HT excitons 
rather  than  the  direct  photoabsorption  of  SiPc  molecules.   The  author  will  discuss  each 
mechanism later in detail. 
3.3.4. PL Quenching
The  author  furthermore  measured  the  PL efficiency of  RR-P3HT in  blend  films  with 
acceptor materials  (PCBM or SiPc) to obtain an in-depth understanding of the quenching 
mechanism of RR-P3HT excitons in the ternary blends.  The PL efficiency was evaluated as 
the ratio of the PL intensity at 700 nm of the blend films to that of the pristine RR-P3HT film 
when RR-P3HT was selectively excited at 550 nm.  Before the thermal annealing, as shown in 
Figure  3-5,  the  PL  efficiency  was  lower  than  8%  for  both  RR-P3HT:PCBM  and  RR-
P3HT:PCBM:SiPc blend films.  The low PL efficiency suggests that most of the RR-P3HT 
excitons can arrive at the interface because of the homogeneous mixture of RR-P3HT and 
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Figure  3-5.  PL efficiency of  RR-P3HT:PCBM:SiPc  (closed  bars)  and  RR-P3HT:PCBM 
(open bars) blend films before and after annealing.  The efficiency was evaluated as the ratio 
of the PL intensity of blend films to that of a RR-P3HT pristine film when RR-P3HT was 
selectively  excited  at  550  nm.   The  PL intensity  observed  at  700  nm was  corrected  by 
variation of the absorption at the excitation wavelength. 
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PCBM in blend films.  After the thermal annealing, the PL efficiency of the RR-P3HT:PCBM 
blend increased to 18%, which is consistent with previous reports.18,37  The increase in the PL 
efficiency suggests that fewer RR-P3HT excitons can arrive at the interface after the thermal 
annealing,  which  is  ascribable  to  enlargement  of  the  RR-P3HT  domain  because  of 
crystallization.  On the other hand, the PL efficiency of the RR-P3HT:PCBM:SiPc film was as 
low as 8% even after annealing, which is comparable to that of the RR-P3HT:PCBM film 
before annealing.  As mentioned before, the introduction of SiPc molecules does not disturb 
the crystallization of RR-P3HT.  Therefore,  these results  suggest that  there is  an efficient 
exciton-harvesting mechanism in the RR-P3HT:PCBM:SiPc ternary blend films. 
3.4. Discussion
The author starts off the discussion by considering the difference in the absorption spectra 
and the device performance between the two dye molecules (ZnPc and SiPc) with different 
structures.  The ZnPc dye can be regarded as a planar molecule and is therefore likely to stack 
in  the  direction  normal  to  the  phthalocyanine  plane,  resulting  in  the  formation  of  dye 
aggregations.  On the other hand, the SiPc dye has two bulky groups in the axial direction 
perpendicular to the phthalocyanine plane, which probably inhibit effective stacking of the π-
conjugation  plane  and hence  suppress  the  formation  of  dye  aggregations.   As  mentioned 
before, the difference in the absorption spectra and the device performance can be explained 
in terms of the formation of dye aggregations in blend films.  In previous reports on BHJ solar 
cells  incorporated  with  dye  molecules,  planar  dye  molecules  such  as  ZnPc  have  been 
generally employed and hence the formation of dye aggregations has been the main obstacle 
to improving the device performance.28,29  The author therefore concludes that the selection of 
bulky dyes such as SiPc is key to the development of ternary BHJ solar cells without the 
formation of dye aggregations. 
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Figure 3-6.  Energy diagrams of  SiPc molecules  and the surrounding materials:  (a)  SiPc 
located at the interface between P3HT and PCBM; (b) SiPc located in the PCBM domain. 
Next, the author discusses the location of SiPc dye molecules in blend films.  As shown in 
Figure 3-6a, SiPc excitons located at the interface of RR-P3HT/PCBM can inject an electron 
into PCBM and a hole into P3HT, because there are energetic cascades in both the lowest 
unoccupied  molecular  orbital  (LUMO)  and  highest  occupied  molecular  orbital  (HOMO) 
levels.38–41  This energetic cascade is essential for dye sensitization at the interface.  On the 
other hand, SiPc excitons located in a PCBM domain, as shown in Figure 3-6b, can inject an 
electron into the PCBM domain but cannot inject a hole into the surrounding PCBM domain 
because of the lower HOMO level of PCBM.  Much the same is true for SiPc excitons located 
in  a  P3HT  domain.   In  other  words,  only  SiPc  molecules  located  at  the  interface  of 
P3HT/PCBM can contribute to the photocurrent generation.  Therefore, the observation of the 
photocurrent  originating from the SiPc absorption indicates  that  some SiPc molecules are 
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located at the P3HT/PCBM interface even before the thermal annealing.  Furthermore, it can 
be said that more SiPc molecules contribute to the photocurrent after the thermal annealing, 
because  as  mentioned  before  the  EQE at  670  nm increased  from 10  to  20% while  the 
absorbance remained the same.  This is probably because the charge collection efficiency is 
improved by the  formation  of  interpenetrating  networks  of  RR-P3HT and PCBM by the 
thermal annealing.  In addition, it is possible that the number of SiPc molecules located at the 
RR-P3HT/PCBM interface, which can contribute to the photocurrent generation, is simply 
increased  by  the  thermal  annealing.   The  EQE  after  the  thermal  annealing  (~20%)  is 
comparable to the absorption at the same wavelength 670 nm, suggesting that the majority of 
SiPc molecules incorporated are localized at the interface.  The author speculates that the 
localization  of  SiPc  molecules  at  the  interface  is  due  to  crystallization  of  RR-P3HT and 
aggregation of nanocrystalline PCBM domains upon annealing as reported previously.33,42  In 
other words, SiPc molecules located in RR-P3HT or PCBM domains could be expelled from 
each  domain  into  the  interface  by  crystallization  of  RR-P3HT  and  aggregation  of 
nanocrystalline  PCBM  domains.   The  author  therefore  emphasizes  that  the  selection  of 
crystalline materials such as RR-P3HT and PCBM as a matrix is crucial for the localization of 
dye molecules at the interface where the charge separation can occur efficiently, which is also 
key to the development of interfacial dye modification in ternary BHJ solar cells. 
Finally, the author discusses the mechanism of dye sensitization in RR-P3HT:PCBM:SiPc 
ternary blends.  As mentioned before, there are two mechanisms for the increase in JSC by the 
addition  of  SiPc  molecules.   One  is  that  the  additional  absorption  of  SiPc  molecules 
contributes to the increase in JSC directly.  In the present study, this direct contribution is not 
so large because of the narrow absorption band of SiPc molecules, which can harvest the solar 
light only at a limited spectral window.  Dye molecules with a wider absorption band would 
provide  a  larger  photocurrent.   The other  mechanism is  that  SiPc molecules  promote  the 
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charge  separation  from RR-P3HT excitons  at  the  interface,  although  they  do  not  absorb 
photons directly.  As described in Chapter 2, the author reported a similar result for a RR-
P3HT/TiO2 bilayered hybrid solar cell with chemical modification of the TiO2 surface with a 
ruthenium complex dye.43  In the hybrid cell, the EQE originating from RR-P3HT increased 
by the introduction of dye molecules at the interface, which can be explained in terms of 
Förster  energy  transfer  from  RR-P3HT to  the  ruthenium  complex.   Such  efficient  light 
harvesting by using energy transfer has also been reported for another hybrid solar cell.44,45 
The same is true for the present system.  Simple calculation assuming point dipoles gives a 
large Förster radius of beyond 3 nm for energy transfer from RR-P3HT to SiPc.  The energy 
transfer rate from RR-P3HT to SiPc is estimated to be as fast as  ~8 × 1012 s−1 for a spatial 
separation of 1 nm, which is over a 100 times faster than the energy migration rate among 
RR-P3HT at the same spatial separation.  As shown in Figure 3-7c, therefore, the efficient 
long-range Förster energy transfer can collect RR-P3HT excitons that could not reach the 
interface  only  by  repetition  of  short-range  excitation  energy  hoppings  (Figure  3-7b). 
Furthermore, the Förster energy transfer is not random diffusion but directional transport from 
a donor  to  an acceptor  molecule  and thereby can harvest  RR-P3HT donor  excitons  more 
efficiently into the SiPc acceptor at  the interface.  In other words,  the efficient long-range 
Förster energy transfer can increase the effective exciton diffusion length, which can explain 
the lower PL efficiency of the RR-P3HT:PCBM:SiPc ternary blend film (Figure 3-5).  The 
highly  efficient  Förster  energy  transfer  from  RR-P3HT  to  SiPc  supports  the  author's 
estimation  that  the  majority  of  SiPc  molecules  are  located  at  the  interface  because  SiPc 
molecules in RR-P3HT domains would quench RR-P3HT excitons efficiently and cause a 
decrease in JSC, but this is not the case.  Note that the advantage of the Förster energy transfer 
would be undistinguished if RR-P3HT and PCBM were well mixed so that most excitons 
could arrive at  the interface even without dye molecules, as shown in Figure 3-7a.   This 
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situation can apply to the ternary blend before annealing because the EQE originating from 
RR-P3HT and  the  PL efficiency  were  comparable  to  those  for  RR-P3HT:PCBM  blends 
without dye (Figures 3-4 and 3-5).  From these results, the author concludes that the exciton 
harvesting in polymer BHJ solar cells can be efficiently improved by the long-range energy 
transfer of incorporated dye molecules with a large spectral overlap with donor materials. 
Figure 3-7.  Schematic illustrations of the donor/acceptor interface: (a) before annealing, each 
domain  is  so small  that  most  excitons  can  reach  the  interface;  (b)  after  annealing,  some 
excitons cannot reach the interface because of the larger domain size; (c) after annealing and 
in the presence of SiPc, even excitons generated far away can reach the interface by energy 




In summary, the author has shown dye-sensitized polymer/fullerene BHJ solar cells with 
the improved photocurrent and PCE compared to control BHJ cells without the dye.  The key 
to the improvement is the allocation of dye molecules at the donor/acceptor interface without 
the formation of dye aggregations.  Such dye molecules located at the interface can contribute 
to  the  photocurrent  generation  by  direct  photoexcitation  and  also  harvest  excitons  more 
efficiently through long-range energy transfer to the dye molecule.  The author demonstrated 
that the key requirement can be achieved by following two appropriate selections of device 
materials.   One is  the  selection  of  dyes  with  bulky groups such  as  SiPc  to  suppress  the 
formation of dye aggregations, which would reduce the effective absorption coefficient.  Of 
course, it is essential for dye sensitization that there are energetic cascades at the interface in 
both the LUMO and HOMO levels.  A large spectral overlap between the dye absorption and 
the donor fluorescence is also beneficial for efficient long-range energy transfer.  The other is 
the selection of matrix materials likely to be crystallized such as RR-P3HT and PCBM, which 
results in the localization of dye molecules at the interface where the charge separation can 
occur efficiently.  The selection of these materials is important for the design of dye-sensitized 
BHJ solar cells. 
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Multi-Colored Dye Sensitization of Polymer/Fullerene 
Bulk Heterojunction Solar Cells
4.1. Introduction
Bulk heterojunction (BHJ) solar cells  based on polymer/fullerene blends have attracted 
much attention because of their potential advantages.1–4  Among them, the most thoroughly 
studied materials for the active layer are blends of regioregular poly(3-hexylthiophene) (RR-
P3HT,  Figure  4-1a)  and  1-(3-methoxycarbonyl)propyl-1-phenyl[6,6]methanofullerene 
(PCBM,  Figure  4-1a).   The  RR-P3HT:PCBM  solar  cells  exhibit  reproducible  power 
conversion efficiency (PCE) of around 4–5% with high fill factor (FF) and external quantum 
efficiency  (EQE).5,6  Such  device  parameters  are  still  the  highest  in  organic  solar  cells. 
However,  RR-P3HT can  absorb  only  a  quarter  of  the  total  photons  in  the  solar  light.7,8 
Consequently, a variety of low band-gap polymers have been developed to absorb a broad 
range of the solar light.3,4  On the other hand, dye sensitization based on ternary blends of 
polymer:fullerene:dye has been recently reported as another approach to improve the light-
harvesting efficiency in BHJ polymer solar cells.5,6 
In ternary blend bulk heterojunction (BHJ) solar cells, dye molecules are simply blended 
into  the  polymer:fullerene  matrix  as  the  third  component  to  harvest  solar  photons  at 
wavelengths  longer  than the original  donor and acceptor  materials  can collect.   This  is  a 
simple and versatile method and therefore various dye molecules are applicable.  In Chapter 
3,  the  author  has  demonstrated  that  silicon  phthalocyanine  bis(trihexylsilyl  oxide)  (SiPc, 
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Figure 4-1a) can effectively harvest the longer wavelength light that RR-P3HT:PCBM cannot 
absorb.13  Considering the large photocurrent due to dye molecules and the cascaded energy 
levels of RR-P3HT, PCBM, and SiPc, as shown in Figure 4-1b,14–16 the author speculated that 
the majority of dye molecules are located at the donor/acceptor interface by the crystallization 
of both RR-P3HT and PCBM domains.13  For further  improvement,  multiple dye loading 
would  expand  the  light-harvesting  window and  hence  boost  the  photocurrent  effectively. 
Such multi-colored dye sensitization has been reported for TiO2-based solar cells.17  In most 
cases,  however,  unfavorable  interactions  between  different  dye  molecules  often  cause 
degradation in the device performance.  Limited successful reports have demonstrated that 
this problem can be avoided by constructing a dye-bilayer structure stained with two different 
dyes18,19 or  by  selecting  a  suitable  co-adsorbing  material20,21 to  inhibit  dye  aggregation. 
However, such strategy would be difficult and inappropriate for polymer solar cells because 
they are typically fabricated by simple spin-coating method.  
Herein  the  author  reports  multi-colored  dye  sensitization  of  P3HT:PCBM  solar  cells 
fabricated  by  simple  spin-coating.   In  addition  to  SiPc,  silicon  naphthalocyanine 
bis(trihexylsilyl oxide) (SiNc, Figure 4-1a) is employed as the fourth component, which has 
complementary spectral absorption at longer wavelengths than SiPc and meets an energetic 





Figure 4-2a shows the device configuration of ITO|PEDOT:PSS|P3HT:PCBM:SiPc:SiNc|
Ca|Al solar cell.  Devices were fabricated as follows.  A thin layer (ca. 40 nm) of poly(3,4-
ethylenedioxythiophene)  oxidized  with  poly(4-styrenesulfonate)  (PEDOT:PSS,  H.C.Starck, 
PH500) was spin-coated onto the cleaned indium tin oxide (ITO)-coated glass substrates (10 
Ω per square) at a spin rate of 3000 rpm and dried at 140 °C for 10 min in air.  A blend layer 
of  RR-P3HT:PCBM:SiPc:SiNc  (ca. 200  nm)  was  spin-coated  from an  o-dichlorobenzene 
solution (1:1:0.1:0.03) on the PEDOT:PSS film at 600 rpm for 60 s.  Then, the wet film was 
dried in covered glass petri dishes for 60 min.  Finally, the Ca/Al electrode (20/80 nm) was 
thermally deposited on top of the active layer at 2.5 × 10−4 Pa.  The dye concentrations were 
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Figure 4-1.  a)  Chemical  structures,  b) energy diagrams of RR-P3HT, PCBM, SiPc,  and 
SiNc.  c) Absorption spectra of the RR-P3HT:PCBM film (dotted line), SiPc (broken line), 
and SiNc (solid line) in solution. 
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4.8 wt% for SiPc and 1.5 wt% for SiNc, which were optimized for the RR-P3HT:PCBM:dye 
ternary blend solar cells with SiPc or SiNc.  
4.3. Results and Discussion
The absorption spectra of the active layers are shown in Figure 4-2b.  The quaternary blend 
films exhibited sharp and intense absorption bands at around 670 and 780 nm,22 which are 
ascribable to SiPc and SiNc absorption,  respectively,  in addition to the absorption of RR-
P3HT:PCBM at  around 400–600 nm (Figure 4-1c).   Interestingly,  the vibrational  band at 
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Figure 4-2.  a) Device configuration of the quaternary blend solar cell.  b) Absorption spectra 
of  the  RR-P3HT:PCBM:SiPc(4.8  wt%):SiNc(1.5  wt%)  blend  (solid  line)  and  RR-
P3HT:PCBM blend film (broken line).  c) J–V characteristics and d) EQE spectra of the ITO|
PEDOT:PSS|RR-P3HT:PCBM:SiPc:SiNc|Ca|Al  (solid  lines)  and  the  ITO|PEDOT:PSS|RR-
P3HT:PCBM|Ca|Al device (broken lines). 
Chapter 4
around 600 nm, which is indicative of the crystallization of P3HT,23 was clearly observed 
even in the presence of SiPc and SiNc molecules, suggesting that the crystallization of P3HT 
is not disturbed by the addition of dyes.24
Figure 4-2c shows the  J–V characteristics of the RR-P3HT:PCBM:SiPc:SiNc quaternary 
blend solar  cells  and  the corresponding RR-P3HT:PCBM binary blend control  solar  cells 
under AM1.5G illumination from a calibrated solar simulator with an intensity of 100 mW 
cm−2.   The  P3HT:PCBM:SiPc:SiNc  quaternary  blend  solar  cells  exhibited  a  substantially 
improved performance  compared  to  the  binary blend control  cells:  a  short-circuit  current 
density of JSC = 10.9 mA cm−2, an open-circuit voltage of VOC = 0.57 V, a fill factor of FF = 
0.69, and PCE = 4.3% (Table 4-1).  Compared to the binary blend control solar cells,  as 
shown  in  Figure  4-2d,  the  quaternary  blend  solar  cells  exhibited  an  improved  external 
quantum efficiency (EQE) peak at 400–600 nm and two sharp EQE peaks at 670 and 780 nm, 
corresponding to the absorption of SiPc and SiNc (Figure 4-1c), respectively.  The EQE peaks 
at 670 and 780 nm indicate that both SiPc and SiNc act as sensitizers in the RR-P3HT:PCBM 
matrix.  The EQE at 400–600 nm suggests that the charge separation is as efficient at the 
interface of RR-P3HT/dye/PCBM as at the interface of RR-P3HT/PCBM.  Furthermore, as 
reported in Chapter 3, the improved EQE is ascribed to the efficient P3HT exciton harvesting 
to  the interface of  RR-P3HT/PCBM by the energy transfer  from P3HT to dye molecules 
located at the interface.  Such efficient light harvesting based on energy transfer has also been 
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Table 4-1.  Device performances for the RR-P3HT:PCBM:SiPc:SiNc quaternary blend solar 
cells
SiPc / wt% SiNc / wt% JSC / mA cm−2 VOC / V FF PCE / %
0 0 8.96 0.55 0.71 3.5
4.8 0 10.3 0.57 0.69 4.1
0 1.5 9.94 0.55 0.68 3.7
4.8 1.5 10.9 0.57 0.69 4.3
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reported for organic/inorganic hybrid solar cells and dye-sensitized TiO2 solar cells.25–27  To 
evaluate  the  dye  contribution  efficiency,  which  is  the  probability  that  dye  molecules  can 
contribute to the photocurrent generation, the author calculated the absorption efficiency of 
dye  molecules  in  the  quaternary blend solar  cells  with 4.8 wt% SiPc and 1.5 wt% SiNc 
molecules  by  the  transfer  matrix  method.28  As  a  result,  the  absorption  efficiency  was 
estimated to be 62% at 670 nm and 33% at 780 nm.  From the ratio of the EQE to the 
absorption efficiency, the dye contribution efficiency is estimated to be 63% at 670 nm (SiPc) 
and 52% at 780 nm (SiNc).  As the author have discussed in Chapter 3, only dye molecules 
located at the interface of RR-P3HT/PCBM can contribute to the photocurrent generation. 
The author therefore concludes that the majority of both dye molecules are selectively located 
at  the  interface  of  RR-P3HT/PCBM  and  thus  effectively  contribute  to  the  photocurrent 
generation. 
Furthermore, as summarized in Table 4-1, the PCE of the quaternary blend solar cells is 
higher than that of the individual ternary blend solar cells with a single dye.  This is mainly 
due to the increase in JSC.  For the individual ternary blend solar cells, the addition of SiPc or 
SiNc increased JSC from ~9 to ~10 mA cm−2 by ~1 mA cm−2.  For the quaternary blend solar 
cells, the addition of SiPc and SiNc increased JSC from ~9 to ~11 mA cm−2 by ~2 mA cm−2.  In 
other words, the increase of JSC in the quaternary blend solar cells is equal to a simple sum of 
that in the individual ternary blend solar cells.  This result indicates that both SiPc and SiNc 
molecules  are  located  at  the  interface  in  the  quaternary blends  and can  contribute  to  the 
photocurrent  generation  effectively without  unfavorable  interactions  between  the  two dye 
molecules.   Indeed,  as  mentioned  above,  SiPc  and SiNc contributed  as  efficiently  in  the 
quaternary blend solar cells as in the ternary blend solar cells.
4.4. Conclusions
The author's multi-colored dye-sensitized blend solar cells based on quaternary blends of 
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polymer and fullerene with two different dyes having complementary spectral absorption in 
the near-IR region are highly efficient.  The photocurrent is increased ~10% in the individual 
ternary blend solar cells and is simply doubled to ~20% in the quaternary blend solar cells. 
This is probably because both dye molecules are located at the interface without unfavorable 
aggregation.  In other words, the device performance of polymer solar cells can be easily 
improved  by  multi-colored  dye-sensitization  with  suitable  selection  of  near-IR  dyes  and 
concentration of dyes.   An appropriate combination of more than two dyes with different 
absorption  bands  or  dyes  with  wider  absorption  bands  compared  to  phthalocyanines  and 
naphthalocyanines employed in this study could increase PCE to more than 5%.  Moreover, 
this method is simple and versatile and therefore can be easily applied not only to various 
material  combinations  but  also  directly  in  the  existing  industrial  processes.   Thus,  this 
approach could boost the photocurrent generation even for highly efficient polymer solar cells 
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Selective Dye Loading at the Heterojunction in 
Polymer/Fullerene Solar Cells
5.1. Introduction
Bulk  heterojunction  solar  cells  based on polymer:fullerene  blends  have attracted much 
attention because they have potential advantages.1–4  Recently, polymer solar cells based on a 
blend  of  regioregular  poly(3-hexylthiophene)  (RR-P3HT)  and  1-(3-
methoxycarbonyl)propyl-1-phenyl[6,6]methanofullerene (PCBM) have been widely studied, 
because they exhibit a relatively high external quantum efficiency (EQE) of more than 70% 
and high fill factor of up to ~0.7.  These device parameters are still the highest reported for 
polymer solar cells.  The performance of this polymer solar cell can be improved by annealing 
of the active layer such as thermal annealing and solvent annealing.5–9  The thermal annealing 
has  been  reported to  enhance  the  formation  of  RR-P3HT  crystal  domains  and  PCBM 
aggregates.   The solvent  annealing  has  been  reported to  enhance  the  formation  of  well-
ordered RR-P3HT nanofibrils but suppress the formation of PCBM large aggregates.9  After 
such annealing treatments, power conversion efficiency (PCE) can be improved to 4–5%.  For 
further improvement, more efficient light-harvesting is required because RR-P3HT can absorb 
only a quarter of the total photons in the solar light.10,11  Consequently, various low band-gap 
polymers have been developed to absorb a broad range of the solar light.10–14  On the other 
hand,  dye  sensitization  has  been  recently  reported  as  another way to  improve  the  light-
harvesting efficiency in polymer solar cells by several groups.15–18  
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In  dye-sensitized  polymer  solar  cells,  dye  molecules  are  simply  blended  as  the  third 
component to harvest solar photons at longer wavelengths that the original donor and acceptor 
materials cannot collect.   This is a simple and versatile method and therefore various dye 
molecules  can  be  employed.   However,  the  dye  aggregation  hinders  the  efficient  light 
harvesting in ternary blends.  In Chapter 3, the author reported that an appropriate selection of 
dyes with bulky groups, silicon phthalocyanine bis(trihexylsilyl oxide) (SiPc), can effectively 
suppress  the  formation  of  dye  aggregates  and  consequently  improve  the  light-harvesting 
efficiency.  Furthermore, in Chapter 4, the author demonstrated that this method is applicable 
even  to  multi-colored  sensitization  with  different  dye  molecules.   Considering  the  large 
photocurrent due to dye molecules, the author speculated that most of the dye molecules are 
segregated to the donor/acceptor interface because of the crystallinity of matrix polymers and 
fullerenes.  Such interfacial segregation of dye molecules is also the key to the improvement. 
However,  there  remains a  fundamental  question of why dye  molecules  are  spontaneously 
segregated into the interface only by spin-coating from blend solutions.  
Segregations of a component material can be found in various blends.  For various binary 
blends  such  as  polymer:fullerene,  polymer:polymer,  or  phthalocyanine:fullerene,  surface 
segregation has been recently reported.19–24  These studies suggested that the material with a 
lower surface energy is likely to be segregated into the air/film interface while the material 
with a higher surface energy is segregated to the film/electrode interface, indicating that the 
vertical phase separation is strongly dependent on the surface energy of each material.  For 
ternary blend films i which a third material is added to binary blends, the location of the third 
component has been studied for various materials such as conductive carbon black particles,25 
carbon nanotubes,26–28 CaCO3 nanoparticles,29 and polymers.30  These studies indicated that the 
location  of  the third  component  can be predicted  in  terms of  the surface  energy of  each 
component in ternary blends, which is in good agreement with the observation of transmission 
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electron microscopy (TEM) images.  In other words, surface energy plays a crucial role in 
segregation of each material in blends, which has significant impact on the phase-separated 
structures.  
Herein  the  author  reports  the  selective  localization  of  SiPc  molecules  at  the  RR-
P3HT/PCBM interface in ternary blends, which can improve the device performance of the 
ternary blend solar cells by the efficient dye sensitization as mentioned above.  To address the 
origin of such selective localization, the author carefully measured the absorption spectra of 
SiPc doped into various films and the surface energy of pristine films of RR-P3HT, PCBM, 
and SiPc, and blend films of RR-P3HT:SiPc and PCBM:SiPc.  On the basis of these detailed 
analyses,  the  selective  localization  of  dye  molecules  is  explained  in  terms  of  the 
crystallization of the matrix material and the surface energy of each component.  Furthermore, 
the relevance of the device performance of the ternary blend solar cells to the dye localization 
by annealing conditions is also discussed.
5.2. Experimental Methods
5.2.1. Sample Preparation
Ternary blend solar cells of RR-P3HT:PCBM:SiPc were fabricated as follows.  Indium tin 
oxide (ITO)-coated glass  substrates (10 Ω per  square)  were washed by ultrasonication in 
toluene,  acetone,  and ethanol for 15 min,  dried with N2,  and then cleaned with a UV–O3 
cleaner  for  30  min.   A thin  layer  (ca.  40  nm)  of  poly(3,4-ethylenedioxythiophene)  with 
poly(4-styrenesulfonate) (PEDOT:PSS, H.C.Starck, PH500) was spin-coated onto the cleaned 
ITO-coated substrates at a spin rate of 3000 rpm and the layer was dried at 140 °C for 10 min 
in air.  For the thermal-annealed device, a blend layer of RR-P3HT:PCBM:SiPc (ca. 100 nm) 
was spin-coated from a chlorobenzene solution on the PEDOT:PSS film at 1200 rpm for 60 s 
and the film was annealed at 150 °C for 30 min in a N2-filled glove box.  For the solvent-
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annealed device, a blend layer of RR-P3HT:PCBM:SiPc (ca. 200 nm) was spin-coated from 
an o-dichlorobenzene solution on the PEDOT:PSS film at 600 rpm for 60 s.  Then, the wet 
film was dried in covered glass petri dishes for 60 min.  Finally, the Ca/Al electrode (20/80 
nm) was thermally deposited on top of the active layer at 2.5 × 10−4 Pa.  The blend solution 
was  prepared  as  follows:  RR-P3HT (Plextronics,  regioregularity  >  98%,  Mn =  ~45,000–
65,000 g mol−1) and PCBM (Frontier Carbon) were dissolved in chlorobenzene (10 and 10 mg 
mL−1) or o-dichlorobenzene (17 and 17 mg mL−1), the solution was stirred at 40 °C overnight, 
and then SiPc (Aldrich) was dissolved in the solution at room temperature.  Note that the dye 
composition was varied from 1.5 to 17 wt% in the ternary blend films.  For comparison, RR-
P3HT:PCBM control  devices  without  dyes  were  also prepared  separately under  the same 
condition to give the same active layer thickness.  
For contact angle measurements, neat films of RR-P3HT, regiorandom P3HT (RRa-P3HT, 
Aldrich, head-to-head : head-to-tail = 1 : 1,  Mw = 90,600), PCBM, SiPc, polystyrene (PSt, 
Scientific  Polymer  Products,  Mw =  22,000),  and  poly(methyl  methacrylate)  (PMMA, 
Scientific  Polymer  Products,  Mw =  380,000)  and  blend  films  of  RR-P3HT:SiPc  and 
PCBM:SiPc with various dye compositions were prepared by spin-coating on glass substrates 
previously cleaned as described above from chlorobenzene solutions (10–30 mg mL−1).  
For the model  system of  ternary blend films,  RR-P3HT:PSt:SiPc and PMMA:PSt:SiPc 
blend films were prepared by spin-coating on glass substrates previously cleaned as described 
above  from  chrolobenzene  solutions  with  RR-P3HT:PSt:SiPc  (10:10:5  mg  mL−1)  and 
PMMA:PSt:SiPc (10:10:5 mg mL−1).  
For  absorption  spectra  measurements,  RRa-P3HT,  RRa-P3HT:PCBM,  and  RR-
P3HT:PCBM (before and after thermal annealing) films doped with SiPc were prepared by 
spin-coating on glass substrates previously cleaned as described above from chrolobenzene 
solutions: RRa-P3HT, RRa-P3HT:PCBM, and RR-P3HT:PCBM were separately dissolved in 
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chlorobenzene at a concentration of 10 mg mL−1 and then SiPc was dissolved in the solution 
to give various dye compositions of  1–100 wt% in the final films.  The  RR-P3HT:PCBM 
blend film was annealed at 150 °C for 30 min in a N2-filled glove box.  
5.2.2. Measurements
Absorption spectra were measured with a spectrophotometer (Hitachi, U-3500).  The J–V 
characteristics  were  measured  with  a  DC voltage  and  current  source/monitor  (Advantest, 
R6243) in the dark and under the illumination with AM1.5G simulated solar light with 100 
mW cm−2.  The light intensity was corrected with a calibrated silicon photodiode reference 
cell (Bunkoh-Keiki, BS-520).  The photocurrent action spectra were measured with a digital 
electrometer  (Advantest,  R8252)  under  monochromatic  light  illumination  from  a  500-W 
xenon  lamp (Thermo Oriel,  Model  66921)  with  optical  cut  filters  and  a  monochromator 
(Thermo Oriel, UV–visible Cornerstone).  The active area of the device was 0.07 cm2.  The 
illumination was carried out from the ITO side under N2 atmosphere.  At least 3 devices were 
fabricated to ensure the reproducibility of the J–V characteristics.
Contact angles θX using ultrapure water were measured on a spin-coated film of material X 
at room temperature.  The surface energy γX of the material X was evaluated from θX by the 
Neumann’s equation  combined with Young’s equation.31  The interfacial energy γA–B between 
materials A and B was evaluated from γA and γB by the Neumann’s equation.31  The wetting 
coefficient  ωC of  material  C in  a  blend of  materials  A and B was evaluated  by Young’s 
equation.25  
Film  morphology  and  thickness were  measured  with  an  atomic  force  microscope 
(Shimadzu, SPM-9600) in the contact mode.   The AFM images were obtained for as-cast 
films, SiPc-removed films by immersing the as-cast films into pentane (Wako) for 1 min, and 
PSt-removed  films  after  by immersing  the  SiPc-removed films  into cyclohexane (Nacalai 
Tesque) for 5 min.  The film thickness was evaluated from the step height across a scratch 
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made on the films.  
5.3. Results
5.3.1. Device Performances
Figure 5-1 shows the J–V characteristics of RR-P3HT:PCBM:SiPc ternary blend solar cells 
and  the  corresponding control  solar  cells  of  RR-P3HT:PCBM binary blends with  solvent 
annealing (Figure 5-1a)  or thermal annealing (Figure 5-1b) under AM1.5G  simulated solar 
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Figure 5-1.  J–V characteristics of RR-P3HT:PCBM:SiPc (1:1:0.1) ternary blend (solid lines) 
and RR-P3HT:PCBM (1:1) binary blend solar cells  (broken lines) after  a)  solvent and b) 
thermal annealing.
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illumination  at an intensity of 100 mW cm−2.  In the ternary blend solar cells,  RR-P3HT is 
employed as a donor material, PCBM as an acceptor material, and SiPc as a light-harvesting 
dye that has an absorption band at longer wavelengths than RR-P3HT.  The active layer was 
annealed under two different conditions: thermal annealing at 150 °C and solvent annealing 
under  o-dichlorobenzene  vapor.   The  dye  composition  was  fixed  to  4.8  wt%  for  both 
annealing conditions.   For the solvent-annealed cells,  as shown in Figure 5-1a,  the short-
circuit current density was improved by ~15% from JSC = 9.69 mA cm−2 for the binary blend 
control cell to JSC = 11.1 mA cm−2 for the ternary blend solar cell.  The open-circuit voltage 
was also improved by ~5% from VOC = 0.55 V to 0.58 V.  Consequently, power conversion 
efficiency was improved by ~20% from PCE = 3.5% to 4.2% because of the dye addition. 
Similarly, as shown in Figure 5-1b, the short-circuit current density of the thermal-annealed 
device was also improved by ~15% from JSC = 6.73 mA cm−2 for the binary blend control cell 
to  JSC = 7.83 mA cm−2 for  the ternary blend solar cell.   The open-circuit  voltage slightly 
decreased by the dye addition.  Overall, PCE was improved by ~10% from PCE = 2.6% to 
2.9%.  These results are consistent with the results shown in Chapter 3.  The difference in 
PCE is simply ascribed to the different thickness of the active layer.  In other words, the dye 
addition  can  improve  JSC mainly and thus  enhance  PCE by more  than  10% under  either 
annealing condition. 
Figure  5-2  shows  the  dye-composition  dependence  of  device  performances  of  RR-
P3HT:PCBM:SiPc ternary blend solar  cells  under different annealing conditions.   For the 
solvent-annealed device,  JSC increased with the increase in dye composition below 4.8 wt% 
and then  kept  constant  up to  17 wt%.  The  other  parameters  slightly decreased  with the 
increase in dye composition above 4.8 wt%.  For the thermal-annealed device, on the other 
hand, JSC and FF slightly increased with the increase in the dye composition below 4.8 wt% 
but significantly decreased at a high dye composition of 17 wt%.  Consequently, as mentioned 
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above,  the  best  performance  was  obtained  at  a  dye  composition  of  4.8  wt% under  both 
annealing conditions.  The device parameters of RR-P3HT:PCBM:SiPc ternary blend solar 
cells are summarized in the Appendix.
To address the origin of the decrease in the photocurrent at high compositions of SiPc, the 
author measured the external quantum efficiency (EQE) spectra of ternary blend solar cells 
with different dye compositions.  At a dye composition of 4.8 wt%, as shown in Figure 5-3a, 
EQE peaks increased at 400–600 nm (P3HT absorption) and 670 nm (SiPc absorption) under 
either annealing condition,  compared to  the binary blend control devices.   As reported in 
Chapter 3, the improvement in the EQE peak at 400–600 nm is ascribed to the efficient P3HT 
84
Figure 5-2.  Normalized device performances  of RR-P3HT:PCBM:SiPc blend solar  cells 
after  solvent  (closed  symbols)  and  thermal  annealing  (open  symbols)  plotted  against  a 
composition of SiPc: a) PCE, b) JSC, c) VOC, and d) FF.
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exciton harvesting to the interface of P3HT/PCBM by the energy transfer from P3HT to SiPc 
located at the interface, and the improvement at 670 nm is ascribed to the direct absorption of 
SiPc.  The exciton harvesting by energy transfer has also been reported for organic/inorganic 
hybrid solar cells and dye-sensitized TiO2 solar cells.32–35  At a dye composition of 17 wt%, on 
the other hand, EQE peaks slightly decreased at 400–600 nm and remained the same at 670 
nm for the solvent-annealed cells while whole the EQE spectra decreased uniformly for the 
thermal-annealed  cells.   This  finding  suggests  that  the  origin  of  the  decrease  in  the 
photocurrent is dependent on the annealing conditions as discussed later.  
To estimate how many dyes can contribute to the photocurrent generation quantitatively, 
the author evaluated the internal conversion efficiency (IQE) at the dye absorption, which is a 
lower limit  of the dye contribution efficiency to  the photocurrent.   For the ternary blend 
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Figure 5-3.  EQE spectra of RR-P3HT:PCBM:SiPc ternary blend with 4.8 wt% SiPc (solid 
lines) and 17 wt% SiPc (dashed–dotted lines) and RR-P3HT:PCBM (1:1) binary blend solar 
cells (broken lines) after a) solvent and b) thermal annealing.  
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devices with 4.8 wt% SiPc, the absorption efficiency at 670 nm was calculated to be 65% for 
the solvent-annealed device and 44% for the thermal-annealed device by the transfer matrix 
method.36  As shown in Figure 5-3, the EQE at 670 nm was 53% for the solvent-annealed 
device and 29% for the thermal-annealed device.  Therefore, the IQE at 670 nm was estimated 
to  be as  high  as  82% for  the  solvent-annealed  device  and 66% for  the  thermal-annealed 
device.  Figure 5-4 shows the dependence of the IQE at 670 nm for RR-P3HT:PCBM:SiPc 
devices on the dye composition.  For the solvent-annealed devices, the IQE is as high as 
~80% at dye compositions of <10 wt% and still higher than 60% at 17 wt%.  For the thermal-
annealed  devices,  on  the  other  hand,  the  IQE kept  higher  than  60% up  to  9.1  wt% but 
decreased to ~20% at a dye composition of 17 wt%.  Considering the cascaded energy levels, 
as the author has discussed in Chapter 3, only dye molecules located at the P3HT/PCBM 
interface can contribute to the photocurrent generation.  Therefore, such a high IQE suggests 
that  the majority of  dye molecules  are  selectively located at  the interfacial  area and thus 
effectively contribute to the photocurrent generation.  
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Figure 5-4.  IQE at 670 nm of RR-P3HT:PCBM:SiPc ternary blend solar cells after solvent 
(closed bars) and thermal annealing (open bars) plotted against a composition of SiPc.  
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5.3.2. Absorption Spectra
Figure 5-5 shows typical absorption spectra of ternary and binary blend films.  As shown in 
Figure  5-5,  the  solvent-annealed  ternary  blend  film  of  RR-P3HT:PCBM:SiPc(4.8  wt%) 
exhibited more distinguished vibrational bands at around 500–600 nm, which are indicative of 
the crystallization of P3HT,37 than the thermal-annealed ternary blend film.  Interestingly, the 
vibrational bands were clearly observed even in the presence of SiPc molecules under both 
annealing  conditions,  suggesting  that  the  crystallization  of  P3HT is  not  disturbed  by the 
addition of SiPc molecules.  The peak wavelength of the SiPc absorption was observed at 676 
nm for the solvent-annealed ternary blends and for 677 nm for the thermal-annealed ternary 
blends.   These bands  were slightly red-shifted compared to  the peak  wavelength  of  SiPc 
dissolved in solution (669 nm),38 suggesting that SiPc molecules are not as homogeneously 
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Figure 5-5.  Absorption spectra of RR-P3HT:PCBM:SiPc (1:1:0.1) ternary blend (solid lines) 
and RR-P3HT:PCBM (1:1) binary blend solar  cells  (broken lines) after  a)  solvent and b) 
thermal annealing.  
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dispersed in  blend films as in  solution but  probably more concentrated in  blend films as 
described below. 
To understand how the majority of dye molecules are dispersed in blend films, the author 
carefully examines the dependence of absorption spectra on the dye composition in details. 
As shown by the open triangles in Figure 5-6, the absorption peak wavelength of SiPc (λmax) in 
RR-P3HT films was red-shifted monotonically from 670 nm (1 wt% SiPc) to 687 nm (100 wt
% SiPc).  On the other hand, the absorption peak in PCBM films was significantly red-shifted 
to 679 nm even at a low dye composition of 1 wt%, suggesting the ground-state interaction 
between SiPc and PCBM.  The peak was further red-shifted to 696 nm up to 20 wt%, but 
blue-shifted  to  687  nm  above  20  wt%.   These  red-shifts  observed  for  both  blends  are 
indicative of the increase in the local concentration of dye molecules.  The blue-shift observed 
for PCBM films with >20wt% SiPc is due to the surface segregation of SiPc as described 
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Figure 5-6.  Peak wavelengths of the SiPc absorption in RRa-P3HT (closed diamonds), RR-
P3HT (open triangles), PCBM (closed triangles), and RR-P3HT:PCBM matrix with solvent 
(closed squares) and thermal annealing (open circles)  plotted against a composition of SiPc. 
The solid lines are guided to the eye for SiPc doped in each matrix film.
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later, which would decrease the interaction between SiPc and PCBM.  On the other hand, the 
absorption peak of SiPc in RR-P3HT:PCBM blend films is located about midway between 
them.  If the majority of SiPc molecules were located at each pure domain in ternary blend 
films, the absorption peak should be close to that observed for SiPc in RR-P3HT or PCBM 
films.  The intermediate absorption peak of ternary blend films suggests that the majority of 
SiPc  molecules  are  located  at  the  interface  of  RR-P3HT and  PCBM.   Here  the  author 
tentatively ascribes the primary location of SiPc in ternary blend films to disordered P3HT 
domains located at the interface, because SiPc molecules are likely to be located in RR-P3HT 
rather  than  in  PCBM as  described  in  the  next  section.   Thus,  the  red-shifted  absorption 
compared to binary blend films can be ascribed to the increase in the local concentration of 
SiPc at disordered P3HT domains in ternary blend films.
In order to evaluate the local concentration of SiPc at disordered P3HT domains, the author 
measured the absorption spectra of SiPc molecules doped in  RRa-P3HT amorphous films 
with different dye concentrations.  As shown by the closed diamonds in Figure 5-6, the peak 
wavelength was gradually red-shifted from 671 to 687 nm with increasing dye concentration 
from 1 to 100 wt%.  This trend is consistent with a previous report.39  A similar  result was 
observed for SiPc doped into PSt amorphous films (see the Appendix), indicating that the 
peak shift is not due to the interaction with the matrix but can be ascribed to the increase in 
the local concentration of SiPc molecules in the matrix.  Interestingly, the absorption peak of 
SiPc in RR-P3HT films was almost the same as that in RRa-P3HT at dye compositions <10 
wt% but  was  red-shifted  at  higher  compositions  >10 wt%.   This  suggests  that  the  local 
concentration in RR-P3HT is almost the same as in RRa-P3HT films at <10 wt% but higher 
than in RRa-P3HT films at >10 wt%.  This is probably related to the crystallization of RR-
P3HT as discussed later.  
To examine the effect of the crystallization of RR-P3HT on the local concentration of dye 
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molecules, the author compared the absorption peaks of SiPc doped in various matrices with 
different crystallinity at a dye composition fixed to 3.4 wt%.  In Chapters 3 and 4, the author 
speculated that the crystallization of matrix materials would expel dye molecules into the 
interface of P3HT/PCBM.  If the crystallization were the only driving force for dye molecules 
to be selectively located at the interface, the absorption peak of SiPc in RRa-P3HT:PCBM 
blend films should be the same as that in RRa-P3HT films.  However, the absorption peak of 
SiPc was actually more red-shifted in RRa-P3HT:PCBM blend films (674 nm) than in RRa-
P3HT films (671 nm).  This finding shows that there is another driving force for the selective 
localization of dye molecules into the interface, which will be described in the next section. 
Furthermore, the absorption peak of SiPc was red-shifted to 675 nm for RR-P3HT:PCBM 
blend films before thermal annealing and more red-shifted to 676 nm for RR-P3HT:PCBM 
blend  films  after  thermal  annealing.   Details  are  summarized  in  the  Appendix.   The 
crystallinity of P3HT increased in the order of RRa-P3HT:PCBM, RR-P3HT:PCBM before 
thermal annealing, and after thermal annealing, because vibrational bands at around 500–600 
nm were  more  distinguished in  the  same order  (see  the  Appendix).   Thus,  the  red-shifts 
observed  for  RR-P3HT:PCBM blend  films  are  ascribable  to  the  crystallization  of  P3HT, 
which can induce the interfacial segregation of dye molecules.  
5.3.3. Surface Energy
As mentioned in the Introduction, the difference in surface energy between RR-P3HT and 
PCBM has been reported to be one of the driving forces for the vertical phase-separation in 
RR-P3HT:PCBM binary blend films.19–21  Here  the author focuses on the surface energy of 
materials as another driving force of the selective dye localization in ternary blend films.  The 
surface energy of material A (γA) was estimated from the contact angle of ultrapure water on 
spin-coated films of material A.31  The surface energy of RR-P3HT (γRR-P3HT = 20 mJ m−2) was 
lower than that of PCBM (γPCBM = 29 mJ m−2), which are consistent with previous reports.40,41 
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The surface energy of RRa-P3HT (γRRa-P3HT = 21 mJ m−2) was almost the same as that of RR-
P3HT.  On the other hand, the surface energy of SiPc was γSiPc = 23 mJ m−2, which is relatively 
close to that of RR-P3HT but is an intermediate value between those of RR-P3HT and PCBM. 
The surface energy of each material employed in this study is summarized in Table 5-1.  
Before considering ternary blends, the author first examined the location of dye molecules 
in binary blend films of RR-P3HT:SiPc or PCBM:SiPc.  Figure 5-7 shows the surface energy 
of the binary blend films with various compositions of SiPc.  For RR-P3HT:SiPc blends, the 
surface energy γRR-P3HT:SiPc was the same as γRR-P3HT up to 40 wt% SiPc.  For PCBM:SiPc blends, 
on the other hand, the surface energy γPCBM:SiPc steeply decreased from γPCBM = 29 mJ m−2 at 0 
wt% to 24 mJ m−2 even at 10 wt% SiPc, which is already comparable to  γSiPc = 23 mJ m−2. 
These findings suggest that SiPc molecules are likely to be embedded in RR-P3HT matrix but 
to be segregated at the air/film interface of the PCBM film.  This difference can be rationally 
explained in terms of the surface energy: the component with the lowest surface energy (RR-
P3HT for  RR-P3HT:SiPc  blends  and SiPc  for  PCBM:SiPc blends)  is  segregated  into  the 
air/film interface to decrease the total energy of the system.  These results suggest that SiPc 
molecules are located in P3HT rather than in PCBM.  
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Table 5-1.  Contact angles and surface energy for various films.  
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Figure 5-7.  Surface energy, which is  estimated by the contact angles of ultrapure water on 
films, of RR-P3HT:SiPc (open circles) and PCBM:SiPc (closed circles) blend films  plotted 
against a composition of SiPc.  The broken line represents the surface energy of SiPc (23 mJ 
m−2).  The solid lines represent the surface energy of RR-P3HT:SiPc or PCBM:SiPc predicted 
on the assumption of homogeneous dispersion of SiPc molecules in blend films.  
Next,  the  author  considered the  location  of  dye  molecules  in  ternary  blends  of  RR-
P3HT:PCBM:SiPc on the basis of the interfacial surface energy.  Here, the author estimated 
the wetting coefficient for ternary blends to predict the location of dyes in blend films.  This 
method has been applied to polymer blends doped with various materials such as conductive 
carbon black particles,25 carbon nanotubes,26–28 CaCO3 nanoparticles,29 and polymers.30  The 
wetting coefficient of material C (ωC) in blends of materials A and B can be calculated by the 
Young’s equation as follows: ωC = (γC–B – γC–A)/γA–B where γX–Y is the interfacial surface energy 
between  X and  Y.25  The  interfacial  surface  energy can  be  calculated  by  the  Neumann’s 
equation as follows: γX–Y = γX + γY − 2 (γX γY)0.5 exp [−β (γX – γY)2], where β = 0.000115 m4 
mJ−2.31  If the wetting coefficient is larger than unity (ωC > 1), the material C will be located in 
the domain A.  If  ωC <  −1,  C will be located in the domain  B.  If  −1 <  ωC < 1, C will be 
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located in the interface between A and B.  The wetting coefficient of SiPc in RR-P3HT:PCBM 
blends was calculated  to be 0.32  on the basis of  the  above  equation, suggesting that  SiPc 
molecules are located at the P3HT/PCBM interface.  This is  true  for SiPc doped into RRa-
P3HT:PCBM blends because RRa-P3HT has almost the same surface energy as RR-P3HT.  It 
should be noted that  this  evaluation is  valid  for ternary blends  in  the  thermodynamically 
equilibrium state.  Originally, it was considered for the addition of particle components, for 
example carbon black particles.25  In other words, it is not clear if the wetting coefficient can 
be applied to RRa-P3HT:PCBM blend films doped with dye molecules prepared by  spin-
coating that results in the thermodynamically non-equilibrium state.
The author thus prepared two model systems to demonstrate the validity of this evaluation 
to  the author's  ternary  blend  films.   One  is  RR-P3HT:PSt:SiPc  and  the  other  is 
PMMA:PSt:SiPc blends.  The RR-P3HT:PSt:SiPc blend film is a model of −1 < ωC < 1 where 
dye molecules are considered to be located at the interface of P3HT/PSt.  This is similar to 
RR-P3HT:PCBM:SiPc blends.  Instead of PCBM, PSt is employed because of the following 
three reasons: (i) RR-P3HT:PSt blends show large phase separation of P3HT-rich domains 
and PSt-rich domains, which can be observed by atomic force microscopy (AFM),42 and (ii) 
the surface energy of PSt (γPSt = 26 mJ m−2) is similar to that of PCBM and higher than that of 
RR-P3HT and SiPc, resulting in a wetting coefficient of SiPc in the RR-P3HT:PSt blend (ωC 
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Table 5-2.  Wetting coefficients  and predicted location of SiPc doped into various blend 
matrices.  
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= 0.60) similar to that of RR-P3HT:PCBM:SiPc blends, as shown in Table 5-2, and (iii) the 
components in ternary blend films can be assigned by sequential removal of materials: first, 
SiPc can be removed by immersing the films into pentane that can dissolve SiPc but cannot 
dissolve  RR-P3HT  or PSt,  and  then  PSt  can  be  removed  by  immersing  the  films  into 
cyclohexane that  can dissolve PSt  but cannot dissolve  RR-P3HT.43  On the other hand,  the 
PMMA:PSt:SiPc  blend film is studied  as  a  model  of  ωC <  −1 where  dye  molecules  are 
considered to be located at PSt domains because of the high surface energy of PMMA (γPMMA 
= 44 mJ m−2).  This blend  also shows a large phase separation of PMMA domains and PSt 
domains,44 and  each domain can be assigned because PMMA cannot dissolve in pentane  or 
cyclohexane.43 
Figure 5-8 shows the AFM images of RR-P3HT:PSt:SiPc ternary blend films before and 
after  successive  dissolving  of  SiPc  and PSt.   For  as-cast  films of  RR-P3HT:PSt:SiPc, as 
shown  in  Figure  5-8a,  sea–island  phase-separated  structures  were  observed  with  a ring 
projection at the interface between sea and island domains.  After immersing in pentane to 
remove  SiPc,  as  shown  in  Figure  5-8c,  the  ring  projection  changed  to  the  ring  hollow 
although the sea–island phase-separated structure remained the same.  After immersing in 
cyclohexane to remove PSt, as shown in Figure 5-8e, only the island domains were observed 
on  substrates.   Thus, the  sea  and island  domains  can  be  assigned  to PSt  and  RR-P3HT 
domains, respectively.  These results show that the majority of SiPc molecules are located at 
the interface of RR-P3HT/PSt in RR-P3HT:PSt:SiPc ternary blends.  This dye location is in 
good agreement with the prediction based on a wetting coefficient of −1 < ωC = 0.60 < 1.  
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Figure 5-8.  AFM images of RR-P3HT:PSt:SiPc  (10:10:5)  blend films: a)  as-cast films, c) 
SiPc-removed films by immersing in pentane for 1 min, e) PSt-removed films by immersing 
in cyclohexane for 5 min.  The right figures b), d), and f) represent line profiles at the white 
bars shown in a), c), and e), respectively.  The black scale bars shown in a), c), and e) are 5 
μm.  
On the other hand, Figure 5-9 shows the AFM images of PMMA:PSt:SiPc ternary blends. 
Similarly, as shown in Figure 5-9a,  sea–island phase-separated  structures were observed for 
as-cast  films of  the ternary blend,  but  no  ring projection  or  hollow was  observed at  the 
interface between the sea and island domains.  After removing SiPc, as shown in Figure 5-9c, 
no ring hollow was observed in contrast to  RR-P3HT:PSt:SiPc blends film after removal of 
SiPc.  Instead, the height of the sea domains decreased by ~20%, which is consistent with the 
weight  fraction  of  SiPc.   After removing  PSt,  as  shown in  Figure  5-9e,  only the  island 
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domains were observed.  Thus, the sea and island domains can be assigned to PSt and PMMA 
domains, respectively.  These results show that the majority of SiPc molecules are located in 
the  sea  domains  of  PSt  in  PMMA:PSt:SiPc  ternary  blend  films,  which  is  again  in good 
agreement with the prediction by the wetting coefficient, as  summarized in Table 5-2.  All 
these findings show that the dye location in ternary blend films can be well predicted on the 
basis of the wetting coefficient.
Figure 5-9.  AFM images of PMMA:PSt:SiPc (10:10:5) blend films: a) as-cast films, c) SiPc-
removed films by immersing in pentane for 1 min, e) PSt-removed films by immersing in 
cyclohexane for 5 min.  The right figures b), d), and f) represent line profiles at the white bars 




Figure 5-10.  Optical microscope images of RR-P3HT:PCBM:SiPc ternary blend films after 
solvent and thermal annealing.  The composition of SiPc is shown on the left.  The white scale 
bars show 50 µm.  
Finally, the author examines the film morphology under the different annealing conditions 
by the optical microscopy to discuss the relationship between the device performance and the 
film morphology.  As shown in Figure 5-10, micrometer-sized clusters were observed for RR-
P3HT:PCBM binary blend films after thermal annealing at 150 °C for 30 min.  As reported 
previously, these clusters are ascribable to PCBM: the thermal annealing would enhance the 
diffusion of small molecules such as PCBM and consequently induce the formation of PCBM 
aggregates.45  Upon the addition of dye molecules, the number and size of PCBM clusters 
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increased  with  increasing  dye  composition.   A lot  of  needle-like  PCBM  clusters  were 
observed for the films with 17 wt% SiPc.  On the other hand, no cluster was observed for the 
solvent-annealed  blend  films  with  or  without  dye  molecules.   This  is  consistent  with  a 
previous report on RR-P3HT:PCBM binary blends.9  These results suggest that the addition of 
SiPc molecules can enhance the diffusion of  PCBM molecules to  cause the formation of 
PCBM aggregates  for  thermal-annealed  films  but  has  little  effect  on  the  morphology of 
solvent-annealed films.   Such a  difference in blend morphology under different annealing 
conditions must have significant impact on the device performance as discussed later.  
5.4. Discussion
5.4.1. Location of Dye Molecules
First, the author discusses the location of SiPc molecules in ternary blend films.  In binary 
blend films of PCBM:SiPc, as mentioned before, SiPc molecules are likely to be segregated 
into  the  air/film  interface  of  the  PCBM  film.   If  SiPc  molecules  were  homogeneously 
dispersed in the PCBM film, the surface energy would decrease linearly with increasing dye 
compositions as shown by the solid line in Figure 5-7.   Considering the thickness of the 
PCBM film (35 nm), 3 wt% of SiPc would be enough to cover whole the film surface.  In 
other words, 1 wt% of SiPc molecules would cover 33% of the PCBM surface if all of them 
were segregated into the surface.  From the straight line, the surface concentration of SiPc is 
estimated to be ~20% at 1 wt% SiPc and ~60% at 3 wt% SiPc.  Both estimations demonstrate 
that 60% of SiPc molecules are not in the PCBM bulk but segregated into the film surface 
even without thermal annealing.  In binary blend films of P3HT:SiPc, on the other hand, most 
SiPc molecules are embedded in the P3HT bulk as shown in Figure 5-7.  These results suggest 
that most SiPc molecules are located in the P3HT domains rather than in the PCBM domains 
in ternary blends.  This is consistent with the prediction based on the wetting coefficient for 
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ternary blends of RR-P3HT:PCBM:SiPc; the positive wetting coefficient (ωC = 0.32) suggests 
that SiPc molecules are likely to be located at P3HT rather than PCBM even at the interface. 
On the other hand, the addition of dye molecules has no impact on the crystallization of P3HT 
as  shown in  Figure  5-5.   This  suggests  that  dye  molecules  are  not  located  in  the  P3HT 
crystalline domains.  Furthermore, the high IQE observed at the dye absorption as shown in 
Figure 5-4 shows that SiPc molecules would be close to both P3HT and PCBM domains to 
generate photocurrent efficiently.  The author concludes that the majority of SiPc molecules 
are  located  at  disordered  P3HT domains  at  the  interface  of  P3HT/PCBM  as  shown  by 
previous morphological studies based on TEM.46–48 
5.4.2. Localization Driving Force
The author next discusses the localization mechanism of dyes in ternary blend films.  The 
author estimates the local  concentration of SiPc ([SiPc]Local)  in blend films from the peak 
wavelength of the dye absorption λmax in P3HT:PCBM blend films.  As a reference, the author 
employs the absorption peak of SiPc in RRa-P3HT amorphous films, assuming that [SiPc]Local 
is  the  same  as  the  dye  composition  [SiPc],  that  is,  SiPc  molecules  are  homogeneously 
dispersed.  Figure 5-11a shows [SiPc]Local in P3HT:PCBM blend films estimated from the dye 
absorption λmax.  Here the author focuses on the difference in [SiPc]Local for various blend films 
at a fixed dye composition of 3.4 wt%.  For RRa-P3HT:PCBM films, if SiPc molecules were 
homogeneously dispersed only in RRa-P3HT amorphous domains because the majority of 
them are not  located in  the PCBM domains,  [SiPc]Local would be double the original  dye 
composition.  However, [SiPc]Local was estimated to be as high as 14 wt%, suggesting the 
localization of dye molecules at the interface instead of a homogeneous distribution.  This 
localization is not ascribed to the crystallization of P3HT because of amorphous films but is 
rather consistent with the wetting coefficient (ωC = 0.49).  In other words, this localization can 
be explained in terms of the surface energy.  For RR-P3HT:PCBM films, [SiPc]Local increased 
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to  20  wt% even  before  thermal  annealing  and  to  25  wt%  after  thermal  annealing.   As 
mentioned before, there is no difference in the surface energy between RRa-P3HT and RR-
P3HT.  The author ascribes this increase in [SiPc]Local to the crystallization of P3HT, which 
would expel dye molecules into the interface.  The author concludes that there are two driving 
forces to localize SiPc molecules at the interface in ternary blend films of P3HT:PCBM:SiPc; 
one is the surface energy balance and the other is the crystallization of P3HT.  Furthermore, 
the increase ratio in [SiPc]Local is larger from RRa-P3HT to RRa-P3HT:PCBM, which is due to 
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Figure  5-11.  a)  Local  concentrations  of  SiPc  in  RRa-P3HT  (closed  diamond)  RRa-
P3HT:PCBM (open diamond), and RR-P3HT:PCBM before (open triangle) and after thermal 
annealing (open circles) and solvent (closed squares) plotted against a composition of SiPc. 
The  solid  and  broken  lines  are  guided to  the  eye  for  solvent  and  thermal  annealing, 
respectively.  b) The number of SiPc molecules contributing to the photocurrent generation in 
RR-P3HT:PCBM  after  thermal  (open  bars)  and  solvent  annealing  (closed  bars) plotted 
against a composition of SiPc.  The broken line represents the total number of SiPc molecules 
loaded into RR-P3HT:PCBM blends.  
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the surface energy, than from RRa-P3HT:PCBM to RR-P3HT:PCBM after thermal annealing, 
which is due to the crystallization of P3HT.  In other words, the surface energy is the primary 
driving force to localize SiPc molecules at the interface for thermal-annealed films of RR-
P3HT:PCBM although the crystallization can also assist the localization.  
5.4.3. Annealing Effect on Dye Localization
The author finally discusses the difference in [SiPc]Local for ternary blend films with various 
dye composition from 3.4 to 17 wt% under two annealing conditions.  As shown in Figure 
5-11a, [SiPc]Local increases with the increase in dye compositions and is saturated at >10 wt%. 
The saturated [SiPc]Local is as high as ~50 wt% for solvent annealing and ~30 wt% for thermal 
annealing.  This saturation indicates that the majority of SiPc molecules are selectively loaded 
at the interfacial disordered domains up to 10 wt% but a part  of them overflow from the 
interface  over  10  wt%.   To  discuss  the  relationship  between  such  dye  distribution  and 
photocurrent,  the  author  estimates  the  number  of  dye  molecules  contributing  to  the 
photocurrent generation (NSiPc), which is proportional to the product of the IQE at 670 nm and 
[SiPc].  The broken line in Figure 5-11b represents the total number of SiPc molecules loaded 
into the blend films.  As shown in Figure 5-11b, NSiPc is close to the dye composition below 10 
wt% for both annealing conditions, suggesting that most of the dyes loaded can contribute to 
the photocurrent generation.  At 17 wt%, on the other hand, NSiPc deviates from the broken line 
for both annealing conditions, but still increases for the solvent-annealed device (closed bar) 
but decreases for the thermal-annealed device (open bar).  For the solvent-annealed device 
with 17 wt% SiPc, as shown in Figure 5-3a, the decrease in EQE was observed only at the 
absorption  band of  P3HT.   The  author  concludes  that  excess  SiPc  molecules  at  17  wt% 
overflow into P3HT domains and thus quench P3HT excitons.   For the thermal-annealed 
device with 17 wt% SiPc, as shown in Figure 5-3b, the decrease in EQE was observed over 
the whole wavelength although [SiPc]Local was still as high as ~30 wt%.  As shown in Figure 
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5-10, many PCBM clusters  were observed at  17 wt%, suggesting the presence of PCBM 
diffusion in the film from the disordered domain at the interface to the PCBM domain.  Note 
that  PCBM  is  more  likely  to  diffuse  in  the  presence  of  SiPc.   This  suggests  that  SiPc 
molecules serve as a plasticizer at the interface.  Considering the molecular size, SiPc also 
could diffuse just as PCBM under the thermal annealing condition.  However, this is not the 
case as shown in Figure 5-11.  This is probably because SiPc molecules cannot diffuse into 
P3HT crystalline domains with a lower surface energy or into PCBM domains with a higher 
surface energy even at a high temperature.  The author concludes that SiPc molecules still 
remain in the disordered domain but PCBM molecules escape from the disordered domain to 
the PCBM domain by thermal diffusion at a high temperature.  Such decrease in the local 
concentration  of  PCBM ([PCBM]Local)  in  the  disordered  domain  results  in  the  significant 
decrease  in  EQEs not  only at  the  absorption  band of  SiPc  because  of  the  large  distance 
between SiPc and PCBM in the disordered domain but also at the absorption band of P3HT 
because of efficient energy transfer from P3HT to SiPc.  Note that [SiPc]Local is higher for the 
solvent-annealed device than for the thermal-annealed device at dye compositions of >5 wt%. 
This indicates that a part of SiPc molecules escape from the interface by thermal diffusion.  In 
other words, both annealing treatments can enhance the local concentration of SiPc at the 
interface, which would affect the device performance.  In particular, the solvent annealing can 
enhance  [SiPc]Local without  the  decrease  in  [PCBM]Local at  the  interface  and consequently 
improve the device performance more effectively.
5.5. Conclusions
The  author  has  studied  the  selective  localization  of  dye  molecules  at  the  interface  of 
polymer and fullerene domains in polymer:fullerene:dye ternary blend solar cells.  Compared 
to the control devices without dyes, the RR-P3HT:PCBM:SiPc ternary blend solar cells with a 
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dye composition of 4.8 wt% exhibited an increase of 15–20% in JSC and PCE because of the 
selective localization of  dye  molecules  at  the  interface.   Detailed analyses  of  the surface 
energy and the absorption spectra revealed the following two driving forces for the interfacial 
dye localization: the surface energy of each material  and the crystallization of the matrix 
material.  The surface energy measurements showed that SiPc molecules in PCBM:SiPc blend 
films are segregated into the air/film interface because of the lower surface energy of SiPc and 
that in RR-P3HT:SiPc blends are embedded into the films.  Furthermore SiPc molecules have 
no impact on the crystallization of RR-P3HT in the ternary blend films.  The author concludes 
that  SiPc  molecules  can  be  localized  in  disordered  P3HT  phases  at  the  interface  of 
P3HT/PCBM rather  than  in  the  PCBM and crystal  RR-P3HT domains.   This  is  in good 
agreement with the prediction  based on the wetting coefficient, suggesting that the surface 
energy has critical impact on such interfacial segregation.  For the quantitative discussion of 
the  dye  localization  at  the  interface  of  P3HT/PCBM  in  ternary  blend  films,  the  local 
concentration  of  SiPc  ([SiPc]Local)  was estimated  from  the  peak  wavelength  of  the  SiPc 
absorption  band.   Interestingly,  [SiPc]Local is as  high  as  14  wt%  even  for  RRa-
P3HT:PCBM:SiPc blends, which is much higher than the original dye composition of 3.4 wt
%.   Thus,  this  increase  is  ascribable to  the  effect  of  the  surface  energy.   For  RR-
P3HT:PCBM:SiPc blends, [SiPc]Local increased to 20 wt% even before thermal annealing and 
to 25 wt% after thermal annealing.  This is rather  ascribable to the crystallization of P3HT 
because the surface energy of RR-P3HT is the same as that of RRa-P3HT.  The increase ratio 
of [SiPc]Local due to the surface energy is larger than that due to the crystallization of P3HT. 
The author concludes that  the surface energy is the primary driving force to localize SiPc 
molecules  at  the  interface  for  thermal-annealed  films  of  RR-P3HT:PCBM  although  the 
crystallization can also assist the localization.  As  the dye-composition  increases,  [SiPc]Local 
also increases and then is saturated at 10 wt%.  The saturated [SiPc]Local is as high as ~50 wt% 
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for solvent annealing and ~30 wt% for thermal annealing.  As the dye-composition increases 
further up to 17 wt%, the solvent-annealed device keeps a high JSC but the thermal-annealed 
device exhibits a significant decrease in JSC due to the formation of large clusters of PCBM. 
Such formation of PCBM clusters is enhanced by the addition of dye molecules, suggesting 
that dye molecules located at the interface serve as a plasticizer and hence assist the diffusion 
of PCBM molecules at a high temperature,  resulting in the formation of PCBM aggregates. 
On the other hand, the solvent annealing does not enhance such diffusion of small molecules 
and consequently the dye molecules still remain at the interface.  In other words, the solvent-
annealed devices can load much more dye molecules at the interface without changing the 
blend morphology, resulting in the higher efficiencies even with the high composition of dye 
molecules.   The author  concludes that the dye-sensitized polymer solar cells  with ternary 
blends can be rationally designed by careful consideration of the crystallization of the matrix 





Table 5-A1 summarizes the device performances of RR-P3HT:PCBM:SiPc ternary blend 
solar cells with different dye composition under solvent and thermal annealing conditions.
Table 5-A1.  Device performances for RR-P3HT:PCBM:SiPc ternary blend solar cells with 
solvent and thermal annealing.  
Anneal SiPc / wt% JSC / mA cm−2 VOC / V FF PCE / %
Solvent 0.0 9.69 0.55 0.66 3.5
1.5 10.3 0.56 0.65 3.8
3.4 10.5 0.57 0.65 3.9
4.8 11.1 0.58 0.65 4.2
9.1 11.0 0.59 0.62 4.0
17 10.7 0.56 0.59 3.6
Thermal 0.0 6.73 0.61 0.63 2.6
1.5 7.40 0.58 0.64 2.8
3.4 7.69 0.58 0.66 2.9
4.8 7.83 0.58 0.65 2.9
9.1 7.29 0.60 0.63 2.8
17 3.26 0.56 0.45 0.82
5.6.2. Dependence of Peak Wavelengths of SiPc on Dye Composition
Figure 5-A1 shows the peak wavelengths of SiPc (λmax) doped into amorphous polymer 
matrices.  In RRa-P3HT films, the  λmax was gradually red-shifted from 671 to 687 nm with 
increasing dye concentration from 1 to 100 wt%.  As shown by the open squares in Figure 5-
A1, almost the same result was observed for SiPc doped into polystyrene (PSt) amorphous 
films.  These results indicate that the peak shift is not due to the interaction with the matrix 
but can be ascribed to the increase in the local concentration of SiPc molecules in the matrix.  
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Figure 5-A1.  Peak wavelengths of the SiPc absorption in RRa-P3HT (closed diamonds) and 
in PSt (open squares) plotted against the composition of SiPc.  The solid lines are guided to 
the eye for SiPc doped in the RRa-P3HT film.
5.6.3. Effect of P3HT Crystallinity
Figure  5-A2 shows the absorption spectra and the peak wavelengths of  SiPc doped into 
RRa-P3HT (closed diamonds), RRa-P3HT:PCBM (open diamonds), RR-P3HT:PCBM (open 
triangles), and RR-P3HT:PCBM thermal-annealed (150 °C for 30 min) films (open circles). 
The  SiPc  composition  was  fixed  to  3.4  wt% for  all  blends.   The  crystallinity  of  P3HT 
increased in the order of RRa-P3HT:PCBM, RR-P3HT:PCBM before thermal annealing, and 
after  thermal  annealing,  because  vibrational  bands  at  around  500–600  nm  were  more 
distinguished in the same order (Figure 5-A2a).  The absorption peak of SiPc was red-shifted 
in RRa-P3HT:PCBM blend films (674 nm) than in RRa-P3HT films (671 nm).  Furthermore, 
the  absorption peak  of  SiPc was red-shifted to  675 nm for  RR-P3HT:PCBM blend films 
before thermal annealing and more red-shifted to 676 nm for RR-P3HT:PCBM blend films 
after thermal annealing according to the order of P3HT crystallinity. 
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Figure 5-A2.  a) Absorption spectra and b) SiPc peak wavelengths of SiPc doped into RRa-
P3HT  (closed  diamonds),  RRa-P3HT:PCBM  (open  diamonds),  RR-P3HT:PCBM  (open 
triangles), and RR-P3HT:PCBM thermal-annealed films (open circles).
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Light-Harvesting Mechanism in Polymer/Fullerene/Dye 
Ternary Blends Studied by Transient Absorption 
Spectroscopy
6.1. Introduction
Polymer:fullerene bulk heterojunction solar cells have attracted much attention because of 
their potential advantages that include light weight, flexibility, low cost, large area and high-
throughput productivity.1–4  Among them, the blend of regioregular poly(3-hexylthiophene) 
(P3HT) and 1-(3-methoxycarbonyl)propyl-1-phenyl[6,6]methanofullerene (PCBM) has been 
most widely studied.  The polymer solar cells based on P3HT:PCBM blends exhibit relatively 
high external quantum efficiency (EQE) more than 70% and high fill factor up to ~0.7, which 
are still the highest of the polymer solar cells.5–9  The power conversion efficiency (PCE) of 
the P3HT:PCBM solar cell can be improved to 4–5% by the annealing of the active layer such 
as thermal  annealing and solvent  annealing,5–9 although  the photoluminescence (PL) from 
P3HT is still observed even for optimized P3HT:PCBM devices.7  In other words, there still 
exists room to improve the photocurrent by more efficient exciton harvesting.  In addition, the 
light harvesting in the near-IR region is required for further improvement because P3HT can 
absorb limited photons up to ~650 nm, which correspond to only a quarter of the total photons 
in the solar light.10,11  Consequently, a variety of low band-gap polymers have been developed 
to absorb a broad range of the solar light.10–14  On the other hand, dye sensitization has been 
recently reported as another approach to improving the light-harvesting efficiency in polymer 
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solar cells by several groups.15–18  
In  dye-sensitized  polymer  solar  cells,  dye  molecules  are  simply  blended  as  the  third 
component to harvest solar photons at longer wavelengths that the original donor and acceptor 
materials cannot collect.   This is a simple and versatile method and therefore various dye 
molecules can be employed.  In Chapter 3, the author reported that an appropriate selection of 
dyes with bulky groups,  silicon phthalocyanine bis(trihexylsilyl oxide) (SiPc), can improve 
the light-harvesting efficiency.  Furthermore, in Chapter 4, the author demonstrated that this 
method is applicable even to multi-colored sensitization with different dye molecules.18  The 
enhanced photocurrent due to dye molecules suggests that the majority of dye molecules are 
segregated to a donor/acceptor interface.  In Chapter 5, the author studied such interfacial 
segregation  of  dyes  in  terms  of  the  surface  energy  and  the  crystallinity  of  matrix. 
Interestingly, the addition of SiPc enhances both EQE peaks at the P3HT absorption and at the 
SiPc  absorption.   This  is  indicative  of  the  efficient  exciton  harvesting  due  to  the  energy 
transfer from P3HT excitons to SiPc molecules followed by efficient charge generation at the 
interface of P3HT/PCBM.  Recently,  several  spectroscopic studies have been reported on 
photophysical dynamics in polymer:fullerene blend films.19–29  Only recently, the photophysics 
of P3HT:PCBM:dye ternary blends has been studied.30  However, little is known about the 
details of the overall light-harvesting mechanism and the dye location in ternary blends.
Herein  the  author reports  a  comprehensive  spectroscopic  study  on  the  photophysical 
dynamics in P3HT:PCBM:SiPc ternary blend films by femtosecond transient absorption in the 
wavelength region from 450 to 1500 nm upon excitation of SiPc or P3HT.  On the basis of 
these detailed analyses, the author discusses the light-harvesting dynamics by dye molecules: 
dye sensitization and exciton-harvesting mechanism.   Furthermore,  the relevance of these 






Ternary blend films of P3HT:PCBM:SiPc were fabricated as follows.  Glass substrates 
were washed by ultrasonication in toluene, acetone, and ethanol for 15 min, dried with N2, 
and then cleaned with a UV–O3 cleaner for 30 min.   For the films fabricated by  thermal 
annealing,  a  blend  layer  of  P3HT:PCBM:SiPc  (ca.  100  nm)  was  spin-coated  from  a 
chlorobenzene solution on the cleaned glass substrates at 1200 rpm for 60 s and the film was 
annealed at 150 °C for 30 min in a N2-filled glove box.  For the films fabricated by solvent 
annealing,  a  blend  layer  of  P3HT:PCBM:SiPc  (ca.  200  nm)  was  spin-coated  from an  o-
dichlorobenzene solution on the cleaned glass substrates at 600 rpm for 60 s.  Then, the wet 
film was dried in a covered glass petri dish for 60 min.  The blend solution was prepared as 
follows: P3HT (Plextronics, regioregularity > 98%, Mn = ~45,000–65,000 g mol−1) and PCBM 
(Frontier  Carbon)  were  dissolved  in  chlorobenzene  (10 and  10 mg  mL−1)  or  o-
dichlorobenzene (17 and 17 mg mL−1), the solution was stirred at 40 °C overnight, and then 
SiPc (Aldrich) was dissolved in the solution at room temperature.  The dye concentration was 
fixed to be 3.4 wt%.  For comparison, P3HT:PCBM binary blend films without dyes and 
P3HT neat films were also prepared separately under the same condition to give the same 
active layer thickness.  Blend films of P3HT or PCBM and SiPc (P3HT:SiPc or PCBM:SiPc 
binary  blend  films)  were  prepared  on  the  cleaned  glass  substrates  by  spin-coating  from 
chlorobenzene (Aldrich) solutions of P3HT or PCBM at a concentration of ~10 mg mL−1 or 
~60 mg mL−1 with 3.4 wt% of SiPc.  
6.2.2. Measurements
UV–visible absorption and photoliminescence spectra of blend films were measured with a 
UV–visible  spectrophotometer  (Hitachi,  U-3500)  and  a  fluorescence  spectrophotometer 
(Hitachi,  F-4500)  equipped  with  a  red-sensitive  photomultiplier  (Hamamatsu,  R928F), 
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respectively.  
Transient absorption data were collected with a pump and probe femtosecond transient 
absorption spectroscopy system (Ultrafast Systems, Helios)22,25 and with a highly sensitive 
microsecond transient  absorption  system as  described  elsewhere.22  The  pump and probe 
femtosecond  transient  absorption  spectroscopy  system  consists  of  a  transient  absorption 
spectrometer  (Ultrafast  Systems,  Helios)  and  a  regenerative  amplified  Ti:sapphire  laser 
(Spectra-Physics, Hurricane).  The amplified Ti:sappire laser provided 800-nm fundamental 
pulses at a repetition rate of 1 kHz with an energy of 0.8 mJ and a pulse width of 100 fs 
(FWHM), which were split into two optical beams with a beam splitter to generate pump and 
probe pulses.   One fundamental  beam was converted into pump pulses at  400 nm with a 
second harmonic generator (Spectra-Physics, TP-F) or pump pulses at other wavelengths with 
an ultrafast optical parametric amplifier (Spectra-Physics, TOPAS).  The other fundamental 
beam was  converted  into  white  light  continuum pulses  employed  as  probe  pulses  in  the 
wavelength region from 400 to 1700 nm.  The pump pulses were modulated mechanically 
with a repetition rate  of 100 Hz for  visible  and 500 Hz for near-IR measurements.   The 
temporal evolution of the probe intensity was recorded with a Si CCD-array photodetector 
(Ocean Optics,  S2000) for the visible measurement  and with an InGaAs digital  line scan 
camera (Sensors Unlimited,  SU-LDV) for the near-IR measurement.  Transient absorption 
spectra and decays were collected over the time range from −5 ps to 3 ns.  Typically, 200–
1000 laser shots were averaged on each delay time to obtain a detectable absorbance change 
as small as 10−4–10−3 depending on the monitor wavelength range.  In order to cancel out 
orientation effects on the dynamics, the polarization direction of the linearly polarized probe 
pulse was set at a magic angle of 54.7 ° with respect to that of the pump pulse.  The sample 
films were sealed in a quartz cuvette purged with Ar for 30 min.  Note that the transient 
absorption spectra and dynamics were highly reproducible even after the laser excitation.  In 
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other words, the laser irradiation had negligible effects on the morphology change for the 
films.  
6.3. Results
6.3.1. Steady-State Absorption Spectra
Figure  6-1  shows  the  steady-state  absorption  spectra  of  P3HT:PCBM:SiPc(1:1:0.07) 
ternary and the P3HT:PCBM(1:1) binary blend films.  The ternary blend films exhibited a 
sharp absorption band ascribable to SiPc at around 670 nm under both thermal and solvent 
annealing  conditions.   The  solvent-annealed  blend  films  exhibited  more  distinguished 
vibrational bands at around 500–600 nm, which are indicative of the crystallization of P3HT,31 
than the thermal-annealed blend films.   Interestingly,  these vibrational bands were clearly 
observed even in the presence of SiPc molecules under both annealing conditions.  Thus, this 
result shows that the crystallization of P3HT is not disturbed by the addition of SiPc with a 
small composition of 3.4 wt%.  In other words, the majority of SiPc molecules are unlikely to 
be located in the P3HT crystalline domains.
Figure  6-1.  Absorption  spectra  of  P3HT:PCBM:SiPc(1:1:0.07)  (solid  lines) and 
P3HT:PCBM(1:1) (broken lines) blend films after a) thermal and b) solvent annealing.  
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Figure 6-2.  Absorption spectra measured for P3HT:PCBM blend films after a) thermal and b) 
solvent annealing.  The open circle symbols represent the absorption spectra of P3HT in the 
blend,  which  is  obtained  by subtracting  the  absorption  of  PCBM from the  absorption  of 
P3HT:PCBM.  The solid lines represent the simulated absorption spectra of P3HT due to the 
crystalline region, which is obtained by a sum of seven vibrational bands (thin solid lines) on 
the basis of a weakly coupled aggregate model.32–37  Details are described in the Appendix. 
The broken lines are the differences between the whole spectra (circles) and the simulated 
spectra  (solid  lines),  which  correspond  to  the  absorption  spectra  of  P3HT due  to  more 
disordered region.  The dotted lines are the absorption spectra of P3HT dissolved in toluene 
solution.  
To  evaluate the  degree  of  P3HT crystallization quantitatively,  the  author  analyzed  the 
absorption spectra of P3HT in P3HT:PCBM blend films in detail.  On the basis of a weakly 
coupled aggregate model,32–35 the absorption spectra of P3HT in blends can be resolved into 
two parts: a  lower energy  absorption due to crystalline regions of P3HT where a weakly 
interacting  H-aggregate  state is  formed,  and  a  higher  energy  absorption due  to more 
disordered regions of P3HT.34  In accordance with this model, the lower energy absorption is 
simulated by a sum of seven vibrational bands due to 0–0 to 0–6 transitions.  Thus, the higher 
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energy  absorption can be obtained by subtracting the lower energy absorption spectra from 
the  whole  spectra  observed.   Details  about  the  simulation  method  are  described in  the 
Appendix.   As  shown  in  Figure  6-2,  the  intensity  ratio  of  the  lower  to  higher  energy 
absorption is  larger for the  solvent-annealed film than for the thermal-annealed film.  As 
shown by the solid lines in the figure, the solvent-annealed P3HT:PCBM blends exhibited a 
larger 0–0  vibrational  band of crystalline P3HT at around 2 eV than the thermal-annealed 
P3HT:PCBM  blends.   From  the  detailed  analysis  of  the  spectra, the  degree  of  P3HT 
crystallization and the domain width are estimated as previously reported35–37 to be 44% and 
9.5 nm for the thermal-annealed films and 55% and 15.2 nm for the solvent-annealed films, 
respectively.  The degree of crystallinity  is consistent with a previous report:  ~45% for the 
thermal-annealed blends and ~60% for the solvent-annealed blends.38,39  These domain widths 
are  also  well  consistent  with  those  reported  in  transmission  electron  microscopy  (TEM) 
studies:  P3HT domains  have a  width  of  ~13  nm for  the  thermal-annealed  P3HT:PCBM 
blends40 and P3HT nanofibrils have a width of ~15 nm for the solvent-annealed P3HT:PCBM 
blends.41  These results  show that the solvent-annealed films  have larger P3HT crystalline 
domains than the thermal-annealed films.  
6.3.2. Photoluminescence Efficiencies
To estimate how many excitons can reach the heterojunction, the author measured the PL 
efficiencies of P3HT in each blend film.  For the thermal-annealed films, the PL intensity of 
P3HT:PCBM blends was 20% relative to that of P3HT pristine films, which is consistent with 
previous  reports.7,16  In  other  words,  80%  of  P3HT excitons  can  reach  the  interface  of 
P3HT/PCBM  and  the  remaining 20%  cannot.  On the other hand, the PL intensity of the 
P3HT:PCBM:SiPc blends was only 10% relative to that of P3HT pristine films, which is half 
that to the P3HT:PCBM blends.  This indicates that the addition of only 3.4 wt% SiPc can 
further harvest  50%  of  unquenched P3HT  excitons that cannot  reach  the  interface  in 
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P3HT:PCBM blends.  For the solvent-annealed blend films, on the other hand, the relative PL 
intensity was 6% for  the  P3HT:PCBM binary and 2% for  the  P3HT:PCBM:SiPc  ternary 
blends, both of which are lower than those of the thermal-annealed films.  In this case, 94% of 
P3HT excitons generated in blend films can reach the interface of P3HT/PCBM even in the 
absence of SiPc and hence the addition of SiPc has a limited impact on the PL quenching in 
contrast to the thermal-annealed films.  These results suggest that SiPc in P3HT:PCBM blends 
can act as an energy funnel for P3HT excitons particularly in the thermal-annealed films.  
6.3.3. Transient Absorption upon Dye Excitation
Here the author focuses on the dye sensitization mechanism in P3HT:PCBM:SiPc ternary 
blend films  prepared  under different annealing conditions upon  dye excitation.  The author 
measured the transient absorption spectra and decay dynamics of ternary blend films excited 
at around 670–680 nm where SiPc molecules can be selectively excited.  
6.3.3.1. Transient Absorption Spectra
Before  analyzing the  transient absorption spectra of ternary blends,  the author examined 
the  transient  spectra of binary blends of P3HT:SiPc or PCBM:SiPc as reference with a dye 
composition of 3.4 wt%.  As shown in Figure 6-3a, P3HT:SiPc blends exhibited an almost flat 
absorption band from 850 to 1150 nm at 0 ps.   This band is ascribed to singlet excitons of 
SiPc with a molar absorption coefficient of ~5 × 103 M−1 cm−1 at 1000 nm because the same 
absorption band is observed for SiPc dissolved in toluene solution immediately after the laser 
excitation (see the Appendix).  At 1 ps, the spectrum changed to a broad absorption band at 
around 850–1050 nm with a small and  sharp band at 940 nm.  These two absorption bands 
increased from 1 to 10 ps and then decayed similarly.  The broad absorption band is ascribed 
to P3HT polarons as reported previously.25,27  The sharp absorption band at 940 nm is ascribed 
to SiPc anions with a molar absorption coefficient of 4.3 × 103 M−1 cm−1 (see the Appendix). 
On the other hand,  as shown in Figure  6-3b, PCBM:SiPc blends exhibited two absorption 
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bands at around 855 and 1030 nm even at 0 ps.  Both of them decayed monotonically.  The 
sharp  absorption  band  at  855  nm  is  ascribed  to  SiPc  cations with  a  molar  absorption 
coefficient of 1.1 × 104 M−1 cm−1 (see the Appendix).  The small absorption band at 1030 nm 
is  ascribed  to  PCBM anions  with a  molar  absorption  coefficient  of  6 × 103 M−1 cm−1 as 
reported previously.22  These results show that SiPc molecules can act as an electron donor in 
the PCBM domain and an electron acceptor in the P3HT domains.  
Next the author moves onto P3HT:PCBM:SiPc ternary blend films.  For thermal-annealed 
films, as shown in Figure 6-3c, an almost flat absorption band was observed from 850 to 1150 
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Figure 6-3.  Transient absorption spectra of various blend films measured at a delay time of 0 
(––––), 1 (− − −), 10 (− • − • −), and 200 ps (− •• − •• −): a) P3HT:SiPc, b) PCBM:SiPc, c) 
thermal- and d) solvent-annealed P3HT:PCBM:SiPc blend films.  The excitation wavelength 
and intensity were 680 nm and 7 μJ cm−2, respectively.  The composition of SiPc was fixed to 
3.4 wt%.  
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nm at 0 ps  and then  a broad absorption band and a small and  sharp band  were observed at 
around 850–1050 nm and at 940 nm, respectively, at an earlier delay time of 1 to 10 ps.  This 
spectral change is consistent with that observed for the P3HT:SiPc blend rather than that for 
the PCBM:SiPc blend.  In other words,  the charge separation from SiPc excitons generates 
P3HT polaron and SiPc anion pairs (not SiPc cation and PCBM anion pairs).  This suggests 
that SiPc molecules are located in P3HT domains rather than in PCBM domains, which is 
consistent with the study in Chapter 5.  At a later time stage (>10 ps), the sharp band at 940 
nm disappeared  and instead  a  broad  absorption  band at 1000 nm was observed with  the 
increase  in  the  absorption  shoulder  from  1000  to  1100  nm  where  PCBM  anions  have 
absorption.  This spectral change suggests that SiPc anions decrease in this time domain and 
instead PCBM anions are generated.  Note that the initial products (P3HT polaron and SiPc 
anion) at the charge generation are different from those previously reported.30  The author will 
discuss this difference later.  For solvent-annealed films, as shown in Figure 6-3d, an almost 
flat  absorption band was again observed from 850 to 1150 nm at 0 ps as is the case  for 
thermal-annealed films.  On a time scale of >1 ps, a broad absorption band peaked at 1000 nm 
ranging from 800 to 1050 nm increased monotonically up to 10 ps after the laser excitation. 
Thereafter, no decay was observed even at 200 ps.  Neither SiPc anions at 940 nm nor SiPc 
cations at 855 nm were observed over the whole time range measured.  This result suggests 
that  P3HT  polarons  and  PCBM  anions  are  almost  simultaneously  generated  from  SiPc 
excitons immediately after the laser excitation as discussed later.
6.3.3.2. Charge Generation
To  study  the  charge  generation dynamics,  the  author  measured  the  time  evolution  of 
transient absorption signals of binary blends of P3HT:SiPc or PCBM:SiPc on a time scale of 
picoseconds.   For the  P3HT:SiPc  blend,  as  mentioned  above,  three  transient  species  are 
observed: SiPc excitons, P3HT polarons, and SiPc anions.  As shown in Figure  6-3a, both 
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SiPc  excitons  and P3HT polarons  have  absorption  at  900 nm.   Thus,  the  decay of  SiPc 
excitons and the rise of P3HT polarons should be observed with the same time constant τCG 
because P3HT polarons  are  generated from SiPc excitons.   Indeed,  the time evolution of 
transient signals at 900 nm was well fitted by Eq. 6-1 with a time constant of τCG = 2 ps.
ΔOD(t) = ASiPc* exp(−t/τCG) + AP3HT+ [1 − exp(−t/τCG)] (6-1)
At a later time stage of >10 ps,  the transient signals at  900 nm are safely ascribed to P3HT 
polarons because SiPc excitons disappear completely.  At this time domain,  the signals of 
P3HT polarons decayed with  a lifetime of ~2 ns.  On the other hand,  the time evolution of 
SiPc anions  can be estimated from the projecting sharp absorption band at 940 nm (see the 
Appendix).  As shown in Figure 6-4a, the  rise and  decay dynamics of SiPc anions were in 
good  agreement  with  those of  P3HT  polarons,  suggesting  the  charge  generation  and 
recombination of P3HT polarons and SiPc anions.  For the PCBM:SiPc blend, as shown in 
Figure 6-3b, SiPc cations and PCBM anions are separately observed at 855 nm and at 1030 
nm, respectively.  As shown in Figure 6-4b, both signals were promptly generated within 100 
fs and decayed exponentially with lifetimes of 35 ps (40%) and 2 ns (60%) at  a later time 
stage.  These findings show the charge generation from SiPc excitons is more rapid in PCBM 
than in P3HT.  
Next, the author moves onto the charge generation dynamics in P3HT:PCBM:SiPc ternary 
blend films.   For the thermal-annealed blends,  as mentioned above,  the charge generation 
dynamics from 1 to 10 ps is similar to that observed for P3HT:SiPc binary blend films.  Thus, 
the  time evolution of P3HT polarons and SiPc anions  were analyzed in the same way as 
described above.  As a result, as shown in Figure 6-4c, P3HT polarons and SiPc anions were 
generated with the same time constant of τCG = ~2 ps, which is in good agreement with that 
observed  for the P3HT:SiPc blends.  For  the solvent-annealed  films, as mentioned above, 
neither  SiPc  cations nor anions were observed, suggesting that P3HT polarons and PCBM 
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anions are rapidly generated almost simultaneously from SiPc excitons.  As shown in Figure 
6-4d, the time evolution of the P3HT polaron band at 900 nm was fitted with a time constant 
of ~2 ps.  This is again in good agreement with that observed for the P3HT:SiPc blends.  This 
indicates that the majority of SiPc molecules in the ternary blend films are embedded in P3HT 
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Figure 6-4.  Normalized transient absorption signals of various blend films excited at 680 nm 
(7  μJ  cm−2):  a)  P3HT:SiPc,  b)  PCBM:SiPc,  and  c)  thermal-  and  d)  solvent-annealed 
P3HT:PCBM:SiPc blend films  measured  at 855 nm (SiPc cations; closed circles), 940 nm 
(SiPc anions; open circles),  1000 nm (P3HT polarons with (c,  d)  and without (a)  PCBM 
anions; closed triangles), and 1030 nm (PCBM anions; open diamonds).  The open circles 
show the rise fraction of SiPc anions at 940 nm that is evaluated by subtracting the transient 
absorption signals of SiPc excitons and P3HT polarons at 940 nm from the observed signals 
at  940 nm (see the Appendix).   The broken lines are  fitting curves base on the function 
described in the text.
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domains  rather  than  in  PCBM domains  under  both  annealing conditions.   These findings 
suggest  that  the  generation  rates  from  SiPc  excitons  are  independent  on  the  annealing 
conditions.  The detailed charge generation and shift mechanisms in the ternary blend films 
will be discussed later.  
6.3.3.3. Charge Shift
Here,  the author focuses on the charge shift from SiPc anions to PCBM.  At a later time 
stage of 10  ps to 3 ns, as shown in the  right of Figure 6-4c, SiPc anions decayed with a 
lifetime of 60 ps while P3HT polarons remain almost the same even at 3 ns.  If SiPc anions 
recombined with P3HT polarons, P3HT polarons should decay with the same time constant. 
However, this is not the case.  In other words, the recombination of SiPc anions with P3HT 
polarons is negligible but rather the charge shift from SiPc anions to PCBM is dominant at the 
interface with  almost  100% efficiency.   Furthermore,  SiPc molecules  embedded in  P3HT 
domains are also negligible because SiPc anions generated from such isolated SiPc should 
recombine with P3HT polarons geminately. 
To evaluate the rate constant of charge shift in more detail,  the author analyzed the time 
evolution of  the transient absorption spectra observed for P3HT:PCBM:SiPc  ternary  blend 
films  by  using  the  spectral  template  of  a  pair  of  P3HT  polarons  and  SiPc  anions 
(P3HT+/SiPc−)  and  a  pair  of  P3HT polarons  and  PCBM  anions  (P3HT+/PCBM−).   The 
transient absorption spectrum observed for P3HT:SiPc blends at 100 ps can be employed as 
the spectral template of P3HT+/SiPc− because SiPc excitons completely disappear at this time 
domain.  The transient absorption spectrum observed for P3HT:PCBM blends at 1 ns upon the 
P3HT excitation can be employed as the spectral template of P3HT+/PCBM− because P3HT 
excitons completely disappear at this time domain as shown in the next section.  As shown in 
Figure 6-5, the spectrum at 2 ps is almost reproduced with only a template of P3HT+/SiPc−. 
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The spectrum at 10 ps is not reproduced with only P3HT+/SiPc− but is well reproduced with a 
sum  of  P3HT+/SiPc− (75%)  and  P3HT+/PCBM− (25%) and  at  50  ps with  a sum  of 
P3HT+/SiPc− (40%) and P3HT+/PCBM− (60%).  The spectrum at 1 ns is reproduced with only 
P3HT+/PCBM−.  Figure  6-5e  summarizes the  time evolution of the  fraction of  each charge 
carrier in P3HT:PCBM:SiPc blends.  The decay of SiPc anions and the rise of PCBM anions 
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Figure 6-5.  Transient absorption spectra of thermal-annealed P3HT:PCBM:SiPc blend films 
(closed circles) at a) 2, b) 10, c) 50, and d) 1000 ps after the excitation at 680 nm (7 μJ cm−2). 
The white solid lines represent absorption spectra simulated by a sum of each absorption 
spectrum of charge carriers pairs: P3HT+/SiPc− (the spectrum observed in P3HT:SiPc blends 
at 100 ps excited at 670 nm; dashed-dotted lines) and P3HT+/PCBM− (the spectrum observed 
in P3HT:PCBM blends at 1000 ps excited at 400 nm; broken lines).  The fraction ratio of each 
spectrum is P3HT+/SiPc−:P3HT+/PCBM− = (a) 95:5, (b) 75:25, (c) 40:60, and (d) 0:100.  e) 
The fractions of P3HT+ (closed triangles), SiPc− (open circles) and PCBM− (closed circles) in 
thermal-annealed P3HT:PCBM:SiPc blend films against the time after the excitation at 680 
nm (7 μJ cm−2).  The fraction is evaluated from the spectral simulation shown in a)–d).  The 
fraction  changes  in SiPc− (FSiPc−)  and  PCBM− (FPCBM−)  were  fitted  with  monoexponential 
functions: FSiPc−(t) = 50 exp(−t/τCSH) (broken line) and FSiPc−(t) = 50 [1 − exp(−t/τCSH)] (dotted 
line), respectively, with τSCH = ~50 ps.  
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are well fitted with a monoexponential function with the same time constant of ~50 ps, which 
is in agreement with the estimation mentioned above.  Thus, the rate constant of the charge 
shift is evaluated to be ~2  × 1010 s−1.  On the other hand,  as mentioned before, no distinct 
charge shift  is observed for the solvent-annealed film.  In other words,  P3HT polarons and 
PCBM anions are rapidly generated simultaneously from SiPc excitons.  
6.3.4. Transient Absorption upon P3HT Excitation
Here the author focuses on the exciton harvesting mechanism in P3HT:PCBM:SiPc ternary 
blend films prepared under different annealing conditions upon P3HT excitation.  The author 
measured the transient absorption spectra and decay dynamics of ternary blend films excited 
at 400 nm where P3HT can be selectively excited.
6.3.4.1. Transient Absorption Spectra
For thermal-annealed films, as shown in Figures 6-6a and 6-6b, both P3HT:PCBM binary 
and P3HT:PCBM:SiPc ternary blend films exhibited a large absorption band at around 1250 
nm and negative signals at around 550–600 nm immediately after the laser excitation, which 
are attributable to singlet excitons of P3HT and photobleachings of the ground state of P3HT 
with molar absorption coefficients of 3 × 104 and 3 × 104 M−1 cm−1, respectively.25,27  At 100 
ps, the exciton band at 1250 nm disappeared and the P3HT photobleaching bands at around 
550–600 nm decreased by almost half.  Instead broad absorption bands were observed from 
650 to 1050 nm, which are attributable to P3HT polarons.25  These similar trends suggest that 
P3HT polarons  are  efficiently  generated  from P3HT excitons  in  both  ternary and  binary 
blends with and without SiPc.  The author notes three differences in the spectra of ternary and 
binary blends with and without SiPc.  First, the P3HT exciton band at 1250 nm decayed faster 
in the ternary blends than that in the binary blends.  Second, a small and sharp depression was 
observed at around 680 nm only for P3HT:PCBM:SiPc ternary blends.  This is ascribable to a 
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photobleaching of the ground state of SiPc because SiPc has a sharp absorption peak in the 
ground state.   Note that  SiPc cannot be directly excited at  400 nm because of negligible 
absorption at 400 nm (see the Appendix).  Third, the recovery in the P3HT photobleaching 
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Figure 6-6.  Transient absorption spectra of P3HT:PCBM (a and c) and P3HT:PCBM:SiPc 
blend films (b and d) after thermal (a and b) and solvent (c and d) annealing measured at a 
delay time of 0 (––––), 1 (− − −), 10 (− •  − •  −), and 100 ps (− ••  − ••  −).  The excitation 
wavelength and intensity were 400 nm and 6 μJ cm−2, respectively.  
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bands at around 550–600 nm was smaller in the ternary blends than in the binary blends. 
These differences suggest that SiPc molecules play an important role in the charge generation 
in ternary blend films.  For solvent-annealed films, as shown in Figures  6-6c and  6-6d, a 
similar  spectral  change  was  observed:  the  P3HT exciton  and  photobleaching  bands  were 
observed at 1250 nm and at around 550–600 nm immediately after the laser excitation and 
subsequently P3HT polaron bands were observed from 650 to 1050 nm with the decay of 
P3HT excitons.  In contrast to the thermal-annealed films, there was no distinct difference in 
the transient spectra between P3HT:PCBM binary and P3HT:PCBM:SiPc ternary blend films 
although the P3HT exciton decayed slightly faster in ternary blends than in binary blends. 
This result suggests that the contribution of SiPc to the charge generation is limited in solvent-
annealed  films  compared  to  thermal-annealed  films.   Nonetheless,  the  author notes  four 
differences  in  the  transient  spectra  between solvent-annealed  and thermal  annealed  films. 
First,  the photobleaching of SiPc was  less distinguished in solvent-annealed films, which is 
consistent with rapid generation of P3HT polarons and PCBM anions as mentioned before. 
Second, the intensity ratio of the P3HT polaron band at 650 nm to the other polaron band at 
1000 nm  was  much  larger  for  solvent-annealed  films  than  for  thermal-annealed  films, 
suggesting that delocalized polarons are more likely to be generated in the solvent-annealed 
films.  Third,  the intensity ratio of the P3HT photobleaching band at 600 nm to the other 
bands at around 550–580 nm was much larger for solvent-annealed films than for thermal-
annealed films, which is consistent with the steady-state absorption as shown in Figure 6-1. 
Fourth, these P3HT photobleaching bands did not decay at  all  over the whole time range 
measured, suggesting that P3HT polarons do not deactivate to the ground state but rather can 
survive for longer time domains.
6.3.4.2. Exciton Harvesting
To study the exciton-harvesting dynamics in ternary blend films, the author examined the 
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time evolution of transient absorption signals upon the excitation of P3HT on a time scale of 
picoseconds.  For  the  thermal-annealed  binary  blends,  as  shown  in  Figure  6-6a,  P3HT 
excitons  can be separately observed  at 1200 nm  while  P3HT polarons  are overlapped with 
P3HT excitons at 1000 nm.  Thus, the time evolution of the P3HT polaron band is obtained by 
subtracting the P3HT exciton decay at  1200 nm  from the signals  at  1000 nm  as reported 
previously.26  Figure 6-7a shows the decay of P3HT excitons at 1200 nm and the formation of 
P3HT polarons in the thermal-annealed binary blends.  For P3HT excitons, the transient decay 
at 1200 nm was fitted by Eq. 6-2 with two lifetimes of τD0 = 25 ps (85%) and τD1 = 330 ps 
(15%). 
ΔODbinary(t) = AD0 exp(−t/τD0) + AD1 exp(−t/τD1) (6-2)
The longer and minor lifetime is fixed to the monomolecular lifetime of P3HT excitons.25  For 
P3HT polarons, the formation dynamics of polarons at 1000 nm was fitted with a sum of a 
monoexponential rise function with a lifetime of  τR1 =  25 ps  (60%)  and a constant fraction 
(40%).  The good agreement in the  rise and  decay constants strongly suggests that  P3HT 
polarons  are  generated  from P3HT excitons  via  the  exciton  migration  to  the  interface  of 
P3HT/PCBM.  The constant fraction (40%) is assigned to the prompt polaron generation from 
hot excitons generated near the interface of P3HT/PCBM (on a time scale of <100 fs).  These 
assignments are consistent with recent transient absorption studies.26,28,29  
Figure  6-7b  shows  the  time  evolution  of  P3HT  excitons  and  P3HT  polarons  in  the 
P3HT:PCBM:SiPc  ternary  blend  films  with  thermal  annealing.   Compared  to  the  binary 
blends, P3HT excitons decayed faster in the ternary blends, suggesting that there is  another 
quenching  pathway  for P3HT excitons  in  the  presence of  SiPc.   Therefore,  the  transient 
absorption decay at 1200 nm was fitted by Eq. 6-3 under the assumption that the additional 
quenching is independent of the other decay dynamics observed for the binary blends. 
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ΔODternary(t) = AD2 exp(−t/τD2) + BD2 ΔODbinary(t) (6-3)
As a result, the lifetime τD2 was evaluated to be 4 ps (50%), which is significantly shorter than 
the lifetime  in the binary blends (τD1 =  25 ps).  In other words, half  of the P3HT excitons 
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Figure  6-7.  Normalized  transient  absorption  signals  of  P3HT:PCBM  (a  and  c)  and 
P3HT:PCBM:SiPc blend films (b and d) for thermal (a and b) and solvent (c and d) annealing, 
at 1200 nm (P3HT excitons; closed circles) and 1000 nm (P3HT polarons; closed triangles) 
excited at 400 nm (6 μJ cm−2).  The rise signals at 1000 nm were evaluated by subtracting the 
transient absorption signals of P3HT excitons at 1200 nm from that at 1000 nm (see ref 26 for 
details).   The  open circles  show the  normalized  rise  fraction  of  the  SiPc  photobleaching 
evaluated by subtracting the transient absorption signals of P3HT polarons at 680 nm from 
the observed signals at 680 nm (see the Appendix).  The broken lines are fitting curves based 
on the function described in the text.
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observed at 0 ps are quenched with a lifetime of 4 ps by the addition of SiPc.  The remaining 
half excitons decay as slowly as in binary blends without SiPc.  As with the decay of P3HT 
excitons, the rise signals of  P3HT polarons were fitted with a sum of two monoexponential 
rise functions with the rise time constant of τR1 = 25 ps and τR2 and a constant fraction.  As a 
result,  the shorter  rise  time  constant τR2 was evaluated to be 6 ps (55%), which is  a little 
slower than τD2 = 4 ps in ternary blends, and the constant fraction was 30%.  The difference 
between  τD2 and  τR2 suggests  that  P3HT polarons  are  not  directly  generated  from P3HT 
excitons.  In other words, there exists an intermediate transient state between P3HT excitons 
and P3HT polarons.  To address the origin of the intermediate species, the author focuses on 
the photobleaching band of SiPc at 680 nm (see the Appendix).  As shown by the open circles 
in Figure 6-7b, the rise constant of the photobleaching band of SiPc was evaluated to be 4 ps. 
This is in good agreement with the decay constant of P3HT excitons (τD2 = 4 ps).  The author 
therefore assigns the fast quenching of P3HT excitons in ternary blends to an efficient energy 
transfer of P3HT excitons to SiPc molecules.  Such efficient light harvesting based on energy 
transfer  has also been reported for organic-inorganic  hybrid solar  cells  and dye-sensitized 
TiO2 solar cells.42–46 
For the solvent-annealed films, similar dynamics were observed and hence analyzed by the 
same equations mentioned above, although each time constant was shortened  compared to 
those  observed  in  the  thermal-annealed films.   In binary blends,  P3HT excitons  decayed 
slightly faster with a  lifetime  of  τD0S = 13 ps (80%) and P3HT polarons was  also generated 
slightly faster on a rise constant of τR1S = 13 ps (55%) with a constant fraction (45%).  This 
agreement in the rise and decay is again indicative of the direct generation of P3HT polarons 
from P3HT excitons.  The faster time constant suggests the more rapid exciton migration in 
the solvent-annealed films.  For ternary blends, P3HT excitons decayed slightly faster with a 
lifetime of τD2S = 3 ps (38%) and P3HT polarons was also generated slightly faster with rise 
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constants of τR1S = 13 ps (30%) and τR2S = 4 ps (25%) with a constant fraction (45%) in the 
presence of SiPc.  The smaller fraction of  τD2S and  τR2S compared to that observed for the 
thermal-annealed films suggests the smaller contribution of SiPc to exciton harvesting in the 
solvent-annealed  films.   Furthermore,  the  photobleaching of  SiPc  appeared  with a  rise 
constant of 3 ps.  This is  again in  good agreement with  the  fast  decay constant of P3HT 
excitons (τD2S = 3 ps), suggesting the efficient energy transfer of P3HT to SiPc.  These results 
show that the annealing conditions have little impact on the exciton-harvesting dynamics but 
significant impact on the fraction due to the energy transfer.  
6.3.4.3. Charge Shift
The author moves onto a later time stage of 10 ps to 3 ns to examine the charge shift from 
SiPc to PCBM in ternary blends.   For the thermal-annealed films,  as shown by the open 
circles in Figure 6-7b, the SiPc photobleaching band decayed exponentially with a lifetime of 
150 ps.  On the other hand, P3HT polarons remain almost the same, suggesting the efficient 
charge shift without the charge recombination.  Interestingly, the charge shift time is slower 
than that observed upon the dye excitation, which is indicative of different distribution of 
excited dye molecules at  the interface depending on the excitation wavelength as will  be 
discussed later.  For the solvent-annealed films, as shown by the open circles in Figure 6-7d, 
the SiPc photobleaching band rapidly decayed monoexponentially with a  lifetime of  5 ps, 
which is again slightly slower than that observed upon the dye excitation.  On the other hand, 
no decay was observed for P3HT polarons up to 3 ns.  In other words, most of SiPc anions 
can contribute to the charge shift to PCBM efficiently without the charge recombination to the 
ground state under either annealing condition.  These results show that the charge shift at the 
interface is strongly dependent on the annealing conditions.
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6.4. Discussion
6.4.1. Light-Harvesting Mechanism
First the author discusses the light-harvesting dynamics in the ternary blend films.  In the 
thermal-annealed films upon the P3HT excitation,  P3HT polarons are  promptly generated 
(<100 fs) at the interface and slowly generated via the exciton migration on a time scale of 25 
ps in the absence of SiPc.  Therefore, the overall exciton migration rate to the interface and 
the charge separation rate at the interface of P3HT/PCBM are estimated to be kEM = 4 × 1010 
s−1 and kCSP/C60 > 1013 s−1, respectively.  In the presence of SiPc, SiPc excitons are generated on 
a time scale of 4 ps via the efficient energy transfer from P3HT excitons.  Thus, the energy 
transfer rate is estimated to be kEnT = 3 × 1011 s−1.  All these processes are more than one order 
of magnitude faster than the deactivation rate of P3HT singlet excitons (kfP = 3  × 109 s−1), 
suggesting  the  efficient  exciton  harvesting  in  ternary  blends.   Once  SiPc  excitons  are 
generated  by  the  energy  transfer,  the  following  photophysics  is  the  same  as  the  direct 
excitation of SiPc.  Upon the SiPc excitation, P3HT polarons and SiPc anions are generated 
on a time scale of  2 ps.  This is much more rapid than the deactivation rate of SiPc singlet 
excitons (kfD = 2  × 108 s−1), suggesting the efficient charge separation between SiPc singlet 
excitons and P3HT.  Furthermore, most of the P3HT polarons and SiPc anions are followed by 
the  efficient  charge  shift  to  PCBM  with  a  time  constant  of  50  ps  while  the  charge 
recombination of P3HT+/SiPc− pairs is as slow as 2 ns.  In summary, the charge separation rate 
at the interface of P3HT/SiPc, the charge recombination rate, and the charge shift rate from 
SiPc to PCBM are estimated to be kCSP/D = 5 × 1011 s−1, kCRP/D = 5 × 108 s−1, and kCSH = 2 × 1010 
s−1, respectively.  The charge shift rate is 40 times faster than the backward recombination 
rate, suggesting the efficient charge shift from SiPc to PCBM.  All the rate constants of the 




Scheme 6-1.  Energy Diagrams of Light-Harvesting and Charge Generation Mechanisms 
in P3HT:PCBM:SiPc Ternary Blend Filmsa
a The scheme of light-harvesting and charge generation mechanisms in thermal- (upper) and 
solvent-annealed P3HT:PCBM:SiPc blend films (lower): a) photon absorption of P3HT, b1) 
charge generation of P3HT+ and PCBM− in the disordered P3HT phase, b2) energy transfer 
from  P3HT*  to  SiPc,  b3)  exciton  migration  of  P3HT*  in  P3HT  crystal  domains,  b4) 
monomolecular deactivation of P3HT*, c1) charge generation of P3HT+ and SiPc− for thermal 
annealing  and  of  P3HT+ and  PCBM− through  the  intermediate  charge  state  of  SiPc  (not 
observed) for solvent annealing, c2) monomolecular deactivation of SiPc*, d1) charge shift 
from SiPc to  PCBM, d2) charge recombination between P3HT+ and SiPc−,  and e) photon 
absorption of SiPc.  
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The author notes as mentioned before that the initial products at the charge generation are 
different from the previous report by Johansson et al.30  In this study, P3HT polaron and SiPc 
anion are the first product at the charge generation.  On the other hand, they reported that dye 
cation and PCBM anion are generated first in P3HT:PCBM:dye (metal-free phthalocyanine 
derivative) ternary blends.  This is probably due to the different dye location in ternary blends. 
As studied in  Chapter  5,  the dye  location in  ternary blends  is  strongly dependent  on the 
surface energy of blend component materials.  The surface energy of SiPc (23 mJ m−2) used in 
this study is closer to that of P3HT (20 mJ m−2) rather than that of PCBM (29 mJ m−2).  In 
other words, SiPc molecules are likely to be located in P3HT rather than in PCBM domains. 
This  is  consistent  with  the  observation  of  P3HT polaron  and  SiPc  anion upon  the  dye 
excitation.  On the other hand, the surface energy of the metal-free phthalocyanine derivative 
can be estimated to be 28 mJ m−2 from the contact angle measurement reported in Chapter 5 
(data are not shown), which  is closer to that of PCBM rather than that of P3HT.  In other 
words, the metal-free phthalocyanine derivative is likely to be located in PCBM rather than in 
P3HT domains.  This is consistent with the previous report that dye cation and PCBM anion 
are generated first upon the dye excitation.  The author therefore concludes that the difference 
in the initial products is due to the different dye location in ternary blends.  
For the solvent-annealed films, all the rate constants are similarly estimated as summarized 
in Scheme  6-1b.  The author notes  that no distinct charge shift is observed upon the dye 
excitation although P3HT polarons and PCBM anions are generated almost simultaneously 
with a rise time constant of 2 ps.   This finding shows charge generation of  P3HT+/SiPc− 
followed by rapid charge shift from SiPc to PCBM or  charge generation of SiPc+/PCBM− 
followed by rapid charge shift from SiPc to P3HT.  Although it is not clear which process is 
dominant, in either case, SiPc molecules should be in proximity not only to P3HT but also to 
PCBM in  solvent-annealed films.  On the basis of these rate constants, all the efficiency of 
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each process is also estimated as summarized in Table 6-1.  In either annealing condition, the 
overall charge dissociation to P3HT polarons and PCBM anions is kinetically almost 100% 
upon the dye excitation.  These results show that SiPc molecules located at the interface of 
P3HT/PCBM can efficiently contribute to the photocurrent generation under either annealing 
condition even though the fundamental  processes are  slightly dependent  on the annealing 
conditions.  This is because all the forward processes are rapid compared to the backward 
processes as seen in the photosynthetic reaction center.47,48  
Table 6-1.  Efficiencies of Fundamental Processes in RR-P3HT:PCBM:SiPc Ternary Blend 
Films.a  
fEM fEnT ηEM ηCSP/C60 ηEnT ηCSP/Pc ηCSH ηCGP/C60 ηTotal
Thermal
  without SiPc 1 0
  with SiPc 0.6 0.4




  without SiPc 1 0
  with SiPc 0.6 0.4
0.94 1 1 ··· ··· 1
0.94
0.96
a fEM, fraction of P3HT* not effected by SiPc;  fEnT, fraction of P3HT* effected by SiPc; ηEM, 
efficiency  for  P3HT*  diffusion  to  the  P3HT/PCBM  interface;  ηCSP/C60,  charge-transfer 
efficiency from P3HT* to P3HT+/PCBM− at the P3HT/PCBM interface; ηEnT, energy-transfer 
efficiency from P3HT* to SiPc; ηCSP/Pc, charge-transfer efficiency from SiPc* to P3HT+/SiPc−; 
ηCSH,  charge-shift  efficiency from SiPc to  PCBM;  ηCGP/C60,  charge-generation  efficiency of 
P3HT+/PCBM− from SiPc* (proportion of  ηCSP/Pc and  ηCSH for thermal annealing);  ηTotal, total 
efficiency of P3HT+/PCBM− generation (evaluated by ηTotal = fEM × ηEM × ηCSP/C60 + fEnT × ηEnT × 
ηCGP/C60).  
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6.4.2. Exciton-Harvesting Mechanism
To understand the contribution of the energy transfer in the presence of dye molecules, the 
author discusses  how P3HT excitons are relaxed in ternary blends.  As mentioned before, 
there are four relaxation pathways for P3HT excitons in ternary blends: 1) prompt quenching 
within 100 fs  by the charge generation from hot excitons generated near  the interface of 
P3HT/PCBM, 2) delayed quenching by the charge generation via the exciton migration to the 
P3HT/PCBM interface,  3)  no quenching and just  deactivation  to  the  ground state  with a 
lifetime of singlet excitons, 4) rapid quenching by the efficient energy transfer to SiPc.  As 
shown in Figure 6-8, each fraction can be estimated from the PL and transient analyses (see 
the Appendix).  In the thermal-annealed P3HT:PCBM binary blends, 31% of P3HT excitons 
are  quenched  by  the  prompt  charge  generation  from  hot  excitons,  49%  of  excitons  are 
quenched by the delayed charge generation via the exciton migration, and the remaining 20% 
of  excitons  are  neither  quenched  nor  contribute  to  the  photocurrent  generation.   This  is 
consistent  with  the previous  report.26  In  P3HT:PCBM:SiPc  ternary  blends,  the  efficient 
energy transfer quenching accounts for 34% for thermal-annealed films and 21% for solvent-
annealed films, suggesting that the energy transfer is more effective in thermal-annealed films 
than in solvent-annealed films.  Interestingly, the ratio of the delayed quenching to the non-
quenching is almost constant for both binary and ternary blends with thermal annealing (~25–
29%)  and  for  solvent  annealing (~6–10%).   This  suggests  that  the  energy  transfer  is 
independent of the delayed quenching and the non-quenching events.  This is also consistent 
with  the transient  analysis  by  Eq.  6-3  assuming  that  the  energy  transfer  quenching  is 
independent of the other decay dynamics observed for binary blends.  Indeed, the transient 
dynamics is well  fitted by Eq.  6-3, as described before, suggesting that the assumption is 
valid.  The author therefore concludes that the energy transfer to SiPc occurs separately from 
the other exciton decay dynamics such as prompt and delayed charge generation and emissive 
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pathway  observed  for  binary  blends.   This  is  probably  because  SiPc  molecules  are 
inhomogeneously distributed at the interface of P3HT/PCBM.  In other words, there are two 
interfaces: the interface with SiPc and the other interface without SiPc that is similar to the 
interface of P3HT:PCBM binary blends.  Thus the author assumes that the ratio of the prompt 
and delayed quenching at the interface without SiPc is the same as that observed for binary 
blends.  As shown by the white broken lines in Figure  6-8, the upper part of the black bar 
represents the fraction of the prompt quenching at the interface without SiPc and the bottom 
part represents the fraction of the prompt quenching at the interface with SiPc.  Therefore, the 
interface with SiPc can be roughly estimated to  be ~40% independently of the annealing 
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Figure 6-8.  Bar chart for the fraction of  each relaxation pathway of  P3HT excitons in 1) 
P3HT:PCBM and 2) P3HT:PCBM:SiPc blend films after thermal and solvent annealing: a) 
prompt  quenching  within  100  fs  by  the  charge  generation  via  hot  excitons  near  the 
P3HT/PCBM  interface,  b)  delayed  quenching  by  the  charge  generation  via  the  exciton 
migration to the interface, c) no quenching and just deactivation to the ground state with a 
lifetime of P3HT excitons, d) rapid quenching by the efficient energy transfer to SiPc at the 
interface.  The upper and bottom parts of (c) divided by the white broken lines represent the 
fraction of the prompt quenching at the interface without and with SiPc, respectively (see the 
text).  
Light Harvesting in P3HT:PCBM:SiPc Blends
conditions.  This suggests that the interfacial coverage of SiPc is about 40% in ternary blend 
films.  The author will discuss this coverage again in terms of the interfacial morphology later.
Next  the author discusses  how efficient the energy transfer is at the interface in ternary 
blends.   As  reported  in  Chapter  3,  the  Förster  radius  for  transfer  from P3HT to  SiPc  is 
estimated to be 3.7 nm assuming point dipoles.  This is valid if each SiPc molecule is isolated 
at the interface.  However, as described above, SiPc molecules are localized at a part of the 
interface  and  hence  likely  to  be  concentrated.   The  author has  reported  that  the  local 
concentration  of  SiPc  is  as  high  as  25 wt%,  which  is  7  times  as  high  as  the  original 
composition (3.4 wt%)  in Chapter 5.  These findings suggest that  SiPc molecules are not 
homogeneously distributed but rather concentrated at a certain interface.  Therefore, dipole–
infinite-slab approximation is more appropriate to estimate the Förster radius  R0 rather than 
point dipoles: the energy transfer rate (kEnT) is proportional to 1/r3 rather than 1/r6 where r is 
the distance between donor and acceptor.  Such approximation has been reported to be valid 
for the energy transfer in P3HT/interlayer/C60 devices.49  In accordance with the method of 
Scully  et al.,44 the Förster radius  R0 is estimated to be as long as ~7 nm for transfer from 
P3HT to  a  slab  of  SiPc,  which  is  embedded  in  disordered P3HT interface  with  a  local 
concentration  of  25 wt%.   On  the  other  hand,  as  estimated  from the  steady-state  P3HT 
absorption (Figure 6-2), the domain size of crystalline P3HT is estimated to be ~10 nm for the 
thermal-annealed blends.  In other words, the distance from the domain center to the interface 
is smaller compared to the Förster radius ~7 nm.  Therefore, almost all excitons of P3HT 
would be quenched by the energy transfer to SiPc molecules if SiPc molecules were dispersed 
in the disordered P3HT domains homogeneously (see the Appendix).  However, this is not the 
case as shown in Figure 6-3: 10% of P3HT excitons are still not quenched even in the ternary 
blend films after thermal annealing.  These results suggest that some P3HT excitons cannot 
reach the interface without SiPc but almost all the excitons are efficiently collected to the 
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interface with SiPc molecules.  This is consistent with the assumption in the kinetic analysis 
described before.
In  the  solvent-annealed  films,  on  the  other  hand,  P3HT excitons  are  more  efficiently 
quenched even though the domain size of  P3HT crystalline is  ~15 nm larger  than in  the 
thermal-annealed films (~10 nm).  Indeed, the apparent exciton migration time tEM is shorter 
(~13 ps) compared to the thermal-annealed films (~25 ps).  Considering the PL efficiency of 
P3HT:PCBM binary blends, the apparent exciton diffusion length  LDa is estimated to be as 
long as 6.8 nm even in the absence of SiPc, which is more than one and a half times that for 
the thermal-annealed films (4 nm).  Thus, the apparent diffusion constant of P3HT excitons is 
roughly estimated by Da = LDa2/(2tEM) to be 1.8 × 10−2 cm2 s−1 for the solvent-annealed and 3.2 
× 10−3 cm2 s−1 for  the thermal-annealed films.   Although this  is  a  rough estimation,  it  is 
noteworthy that the apparent diffusion constant is more than 5 times larger in the solvent-
annealed  than  in  the  thermal-annealed  films.   This  is  partly because  of  the  higher 
crystallization of P3HT after solvent annealing.  Possibly, this would be also dependent on the 
interfacial structure as discuss later.  The author concludes that the efficient exciton diffusion 
results in the relatively small contribution of dye molecules to the P3HT exciton harvesting in 
the  solvent-annealed  ternary  blends.   In  other  words,  there  is  still  room to  improve  the 
exciton-harvesting  efficiency  in  solvent-annealed  ternary  blends  if  the  crystalline  P3HT 
domains could be grown up furthermore.  
6.4.3. Interfacial Structures in Ternary Blend Films
First, the author considers the distribution of SiPc molecules in ternary blends.  From the 
absorption spectra in Figure 6-1, the author concludes that SiPc molecules are not likely to be 
located in P3HT crystalline domains.  From the transient study, the author also obtains several 
important findings as follows.  Note that all the SiPc anions disappear completely within 1 ns 
while most of P3HT polarons are still observed up to 3 ns for all the ternary blends.  This 
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finding suggests, as mentioned before, that SiPc molecules embedded in P3HT domains are 
negligible, because they would generate isolated P3HT+/SiPc− pairs  in P3HT domains and 
hence  should  recombine  geminately.   Furthermore,  SiPc  molecules  embedded  in  PCBM 
domains are also negligible, because the charge separation from SiPc excitons generates not 
PCBM anions but P3HT polarons first.  In other words, most of the SiPc molecules should be 
surrounded by not  PCBM but P3HT.  From these findings,  the author  concludes that the 
majority of SiPc molecules should be embedded in P3HT matrix with PCBM at the interface 
of P3HT/PCBM.  This is consistent with the kinetic analysis described above and the efficient 
photocurrent generation in the device.  This is also in good agreement with the study of the 
ternary blends in terms of the surface energy of component materials and the crystallization of 
P3HT in Chapter 5.  Furthermore, as mentioned before, the charge shift time is dependent on 
the excitation wavelength: upon P3HT excitation, the efficient energy transfer from P3HT to 
SiPc at the interface followed by the charge shift (150 ps) and upon dye excitation, the charge 
shift from SiPc to PCBM (50 ps).  Such difference is probably due to the special distribution 
of SiPc excitons in the interface depending on the excitation wavelength.  In the case of dye 
excitation, SiPc molecules are homogeneously excited in the interface with dye.  In the case 
of P3HT excitation, on the other hand, SiPc molecules close to  P3HT crystal domains  are 
dominantly excited by the energy transfer from P3HT excitons.  If the interfacial width were 
as thin as ~1 nm (molecular size of SiPc), the charge shift time should be the same in either 
case.  Indeed, the width of the P3HT disordered domain is estimated to be ~6 nm, which is 
enough larger  than dye molecules,  for both thermal-  and solvent-annealed films from the 
width of the crystalline P3HT domains and the degree of the crystallization. 
The author further discusses on the distribution of SiPc molecules at the interface.  From 
the transient analysis, as described before, the interfacial coverage of SiPc is estimated to be 
~40% in thermal- and solvent-annealed ternary blend films.  Such partial coverage suggests 
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that  SiPc  molecules  are  inhomogeneously  distributed  at  the  interface  and  therefore 
concentrated  relative  to  the  original  composition.   This  is  consistent  with  the  local 
concentration of SiPc in the ternary blend films estimated from the spectral shift of the SiPc 
absorption  band.  The  local  concentration  is  as  high  as  25 wt%  under both  annealing 
conditions, which  is 7 times higher than the original dye composition of 3.4 wt%.  If SiPc 
molecules were homogeneously distributed at the disordered P3HT domains (40% for thermal 
annealing and 30% for solvent annealing) in P3HT:PCBM(1:1) blends, the local concentration 
would  be concentrated  to  8.5–11.2  wt%.   This  is  still  less  than  half  the  estimated  local 
concentration of 25 wt%.  In other words, SiPc molecules should be further concentrated at 
the disordered interface, indicating inhomogeneous distribution of dyes.  To account for the 
local concentration as high as 25 wt%, SiPc should be about two to three times concentrated 
furthermore.  In other words, SiPc should be located in 36–48% of the disordered domain. 
This is in good agreement with the 40% of the interfacial coverage of SiPc estimated from the 
transient analysis.  The author  concludes that SiPc molecules are located  at the  interfacial 
disordered domains inhomogeneously with the coverage of ~40% as shown in Scheme 6-2a.  
Finally, the author focuses  on the distribution of PCBM molecules at the interface.  The 
charge shift from SiPc to PCBM upon the dye excitation is slower in thermal-annealed than in 
solvent-annealed  ternary blends.   As mentioned above,  the interfacial  width of  the  P3HT 
disordered domain is  estimated to be ~6 nm under either annealing condition.   Thus,  the 
difference in the charge shift time suggests that the concentration of PCBM at the interface is 
lower in thermal-annealed  than in solvent-annealed ternary blends as illustrated in Scheme 
6-2b.  This is consistent with the difference in the fraction of the prompt polaron generation 
upon the P3HT excitation depending on the annealing conditions.  As mentioned before, the 
prompt fraction is ascribed to the charge generation at the disordered interface of P3HT mixed 
with PCBM molecules.  As shown in Figure  6-8, the prompt fraction is ~40% for solvent-
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Scheme  6-2.   Schematic  Illustration  of  Phase-Separated  Structures  in 
P3HT:PCBM:SiPc Ternary Blendsa
a The upper figure (a)  shows  the  phase-separated structures of P3HT:PCBM:SiPc ternary 
blend films.   The lower figures (b) show an enlarged local area of the top figures.   The 
regions  A,  B,  and  C  represent  three  characteristic  phases  of  P3HT:PCBM  blend  films: 
fibrillar  network  of  P3HT  crystals,  relatively  disordered  P3HT  matrices  with  PCBM 
nanocrystals, and aggregates of PCBM nanocrystals, respectively.  The widths of crystal and 
disordered P3HT phases  are estimated from the simulated absorption spectra as shown in 
Figure 6-2.  
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annealed  binary  blends.   This  is  in  good  agreement  with  the  disordered  fraction  (45%) 
estimated from the absorption analysis.  Thus, as shown in the lower figure of Scheme 6-2b, 
PCBM molecules are embedded at the disordered interface with a concentration enough to 
generate P3HT polarons promptly.  On the other hand, the prompt fraction is ~30% for the 
thermal-annealed binary blends, which is smaller than the disordered fraction (56%).  In other 
words, the lower prompt fraction is ascribed to the lower concentration of PCBM molecules 
at  the  disordered  interface  for  thermal-annealed  blends  as  shown  in  the  upper  figure  of 
Scheme  6-2b.  Such lower concentration of PCBM can be rationally explained in terms of 
thermal diffusion of PCBM molecules at high temperatures.  The author concludes  that the 
annealing  condition  has  critical  impact  on  the  PCBM  distribution  at  the  interface.   In 
particular, the solvent annealing can localize SiPc molecules with high PCBM concentration 
at the interface, resulting in the surprisingly highly efficient ternary blend solar cells.  
6.5. Conclusions
The  author has comprehensively  studied  the  light-harvesting  mechanism  in 
polymer:fullerene:dye ternary blend films by transient absorption spectroscopy.  On the basis 
of  detailed  analyses  of  the  transient  absorption  spectra  and decays,  the  author found the 
efficient light harvesting by the dye sensitization and the polymer exciton harvesting.  Upon 
dye excitation of thermal-annealed P3HT:PCBM:SiPc blend films, SiPc excitons are rapidly 
quenched  by  surrounding  P3HT to  generate  the  charge pair  of  P3HT+/SiPc− with  a  time 
constant of 2 ps, followed by efficient charge shift from SiPc  anions to PCBM with a  time 
constant of  50  ps.   The  charge  separation  and  shift  reactions  are  much  faster  than  the 
backward recombination reactions.   Consequently,  both  efficiencies are  as  high as  almost 
100%:  the charge generation  ηCGP/Pc = 100%  and the charge shift  ηCSH =  98%.  From these 
observations,  the  author concludes that  the majority  of  SiPc  molecules  are  selectively 
localized in disordered P3HT domains with PCBM molecules at the P3HT/PCBM interface. 
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In solvent-annealed ternary blends, on the other hand, the charge pairs of P3HT+/PCBM− are 
rapidly generated from SiPc excitons with a time constant of 2 ps with no intermediate state 
such as SiPc anions  observed for  the  thermal  annealed film.  In other  words,  the charge 
generation efficiency of ηCGP/C60 is as high as 100% (= ηCGP/Pc ηCSHPc/C60 or ηCGPc/C60 ηCSHP/Pc).  The 
rapid charge generation of  P3HT+/PCBM− from SiPc excitons  indicates  that SiPc molecules 
are embedded at the interface in proximity to both P3HT and PCBM.  The difference in the 
charge generation can be explained in terms of the PCBM  concentration at  the  disordered 
interface.  The  author  concludes  that  the  PCBM  concentration  is  lower  in  the  thermal 
annealed films than in the  solvent annealed films.  This is because of thermal diffusion of 
PCBM at the interface to the PCBM domain.  In particular, the thermal diffusion is enhanced 
in the presence of SiPc because of the plasticizer effect at the interface.  On the other hand, 
upon polymer  excitation  of  the  thermal-annealed  P3HT:PCBM:SiPc  blends,  half  of  the 
unquenched P3HT excitons  are efficiently collected by energy transfer to SiPc molecules at 
theP3HT/PCBM interface.  Such efficient energy transfer quenching accounts for 34% for 
thermal annealing and 21% for solvent annealing, suggesting that the energy transfer is more 
effective in the thermal annealed films.  The relatively small contribution of dye molecules to 
the  P3HT exciton  harvesting  in  the  solvent-annealed  blends  is  due  to  the  higher  exciton 
diffusion of P3HT and the higher PCBM concentration at the interface.  From the detailed 
analyses  of  the  relaxation  pathways of  P3HT  excitons,  the  author  concludes  that  SiPc 
molecules  are  inhomogeneouly distributed  at  the  P3HT/PCBM interface.   The  interfacial 
coverage of SiPc is estimated to be about 40% for both thermal and solvent annealed ternary 
blends.  In summary,  the light harvesting  based on the dye  sensitization and the polymer 
exciton harvesting is highly efficient under either annealing condition because SiPc molecules 
are selectively localized at the polymer/fullerene interface.  In particular, SiPc molecules are 
closely in contact with both P3HT and PCBM at the interface in solvent annealed ternary 
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blends,  which  is  an  ideal  interfacial  structure  for  the  efficient  cascaded  photoconversion. 
These findings provide  experimental  evidence  that  ideal  interfacial  structures  can  be 
fabricated even by a simple spin-coating from blend solutions, which will help in designing 
efficient polymer solar cells with the ternary blend bulk heterojunction active layer.  
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6.6. Appendix
Absorption spectrum of SiPc
Figure  6-A1 shows the absorption spectrum of SiPc in toluene.  SiPc exhibited a strong 
absorption at around 670–680 nm and almost no absorption band at 400 nm.  Therefore, it can 
be said that no SiPc excitons are directly generated by the laser excitation at 400 nm.
Figure 6-A1.  Molar absorption coefficient of SiPc in toluene solution.  
Spectral Analysis of Crystalline P3HT Films
Before simulating  the absorption spectra of P3HT in blends, the author  first  extracts the 
absorption  spectra  of  P3HT from the  absorption  spectra  of  P3HT:PCBM blend  films  by 
subtracting the absorption of PCBM to eliminate the peak at around 3.7 eV (330 nm) ascribed 
to PCBM absorption,  as shown in Figure 6-A2a.  Then, the P3HT absorption spectra are 
simulated by the two parts of P3HT absorption: a lower energy part from crystalline regions 
of P3HT, which form a weakly interacting H-aggregate state, and a higher energy part from 
more disordered regions of P3HT.  In accordance with a weakly coupled aggregate model,32–35 
the  absorption spectrum of  the  crystalline P3HT is simulated by the following Equation (6-
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A1) at around 2.0–2.3 eV, where disordered P3HT has no absorption bands.  
A ∝ ∑
m=0
 S mm ! ⋅1−We−S2 E p ∑n≠m S
n
n ! n−m 
2
⋅exp  E−E 0−mE p−WS m e−S /2222      (6-A1)
Here, W is the exciton bandwidth, E0 is the 0–0 transition energy of the crystalline species, Ep 
is the frequency of the vibronic transition, σ is the width of the line shape that is assumed to 
be Gaussian, S is the Huang–Rhys factor, and m counts the vibrational excitation (calculated 
up  to  the  0–6  transition).   The  fitting  procedure  is  followed  by  Ref  36.   As  reported 
previously,32–35 S and  Ep were fixed to 1.0 and 0.179 eV, respectively, while  E0,  σ,  W were 
treated as free parameters.  The best-fits to Equation (6-A1) is shown in Figure 6-A2b as the 
black solid line.  The absorption spectrum of disordered P3HT was calculated by subtracting 
that of crystal P3HT (black solid line) from the absorption spectra  of P3HT (open circles). 
The spectrum of disordered P3HT was similar to the spectrum of P3HT dissolved in solution 
(gray solid line), suggesting that such a spectral resolution is valid.  
Next, the author evaluated the widths and the percentages of crystal P3HT in P3HT:PCBM 
blends  according  to  the  previous  reports.35–37  The  author  used  the  simulation  data  from 
Gierschner et al. to estimate the widths of crystal P3HT from the parameter  W, obtained by 
above analysis.35,36  The percentages of crystal P3HT was evaluated by the relative oscillator 
strength of the crystal species compared to the disordered species and the relation of molar 
absorption coefficient for these species: ε2.05 eV = 1.39 × ε2.7 eV, where ε2.05 eV and ε2.7 eV represent 
the molar absorption coefficient at 2.05 eV (for crystal P3HT) and 2.7 eV (for disordered 
P3HT), respectively.35  By using these procedures, the author estimated that the widths and the 
percentages of crystal P3HT in P3HT:PCBM blends are 9.5 nm and 44% for thermal-annealed 
films and 15.2 nm and 55% for solvent-annealed films, respectively.
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Figure 6-A2.  a) Absorption spectra of P3HT:PCBM blends fabricated by solvent annealing 
(solid line), PCBM neat films (broken line), and P3HT in P3HT:PCBM blends (open circles) 
subtracted  the  absorption  of  PCBM from solid  line.   b)  Absorption  spectra  of  P3HT in 
P3HT:PCBM blends (obtained in a); open circles), crystal P3HT simulated by the best-fits to 
Equation  (6-A1)  to  the  region  of  crystalline  absorption  at  2.0–2.3  eV (black  solid  line, 
consisting of seven bands of 0–0 to 0–6 transition shown as colored thin lines), and disordered 
P3HT calculated by subtracting black solid line from open circles (broken line).  The gray line 
in b) represents a spectrum of P3HT dissolved in toluene solution for comparison.  
Assignment of SiPc Exciton
Figure 6-A3 shows the transient absorption spectrum of SiPc dissolved in toluene after the 
laser excitation at 670 nm (60 μJ cm−2) measured at 0 ps.  The spectrum shows two absorption 
peaks at around 460 nm and 650 nm with a broad skirt trailing to around 1000 nm.  The sharp 
valleys at around 600 nm, 670 nm, and 750 nm are attributable to the photobleaching and the 
stimulated  emission  of  SiPc  because  the  wavelength  corresponded  to  the  absorption  and 
fluorescence band of SiPc.  The inset figure shows that the decay of the transient absorption 
signal at 1000 nm is well fitted with a monoexponential decay function with a lifetime of 4.2 
ns, which is similar with the reported lifetime of siglet excitons of SiPc (5.8 ns).A1  Therefore 
the  broad  absorption  band  at  around  1000  nm is  attributable  to  SiPc  excitons.   Similar 
spectrum is also observed in previous reports.A1,A2  The molar absorption coefficient of SiPc 
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excitons was estimated to be ~5 × 103 M−1 cm−1 at  1000 nm by the comparison with the 
photobleaching of SiPc shown at 600 nm (ε600 = 6.5 × 104 M−1 cm−1; separately evaluated in 
advance).  
Assignment of SiPc Anion
The spectrum and the molar absorption coefficient of SiPc anions were measured by using 
N,N,N',N'-tetramethyl-p-phenylenediamine (TMPD) as an electron donor.  Figure 6-A4 shows 
microsecond transient absorption spectra of TMPD:SiPc in  N,N-dimethylformamide (DMF). 
The absorption band from 500 to 650 nm is ascribed to the characteristic absorption of TMPD 
cations.A3,A4  As shown in the insert of this figure, the 940 nm band decayed at the same rate as 
the TMPD cations and therefore was assigned to the SiPc anions.  Similar spectrum is also 
observed in  previous  reports.A5,A6  Consequently,  the  molar  absorption coefficient  of  SiPc 
anions can be evaluated be  ε = 4.3 × 103 M−1 cm−1 at 940 nm in comparison with that of 
TMPD cations (ε = 1.2 × 104 M−1 cm−1 at 570 nm).A3,A4  
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Figure 6-A3.  Transient absorption spectrum of SiPc dissolved in toluene excited at 670 nm 
(60 μJ cm−2) measured at 0 ps.  The inset shows transient absorption decays at 1000 nm as 
closed circles, fitted with monoexponential function with a lifetime of 4.2 ns (the gray line).  
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Assignment of SiPc Cation
The spectrum and the molar absorption coefficient of SiPc cations were measured by using 
nitric acid (HNO3) or PCBM as an electron acceptor.  Figure 6-A5a shows absorption spectra 
of  SiPc  with  and  without  HNO3 in  dichloromethane  solution.   By  adding  HNO3,  two 
absorption  bands  at  around 550 nm and 850 nm were  observed with the  decrease  in  the 
ground-state absorption band at  around 600–700 nm.  The author assigned the absorption 
bands at  around 550 nm and 850 nm to SiPc cations.   These bands are also observed in 
previous reports.A2,A7–A9  The molar absorption coefficient of SiPc cations was estimated by the 
transient absorption spectra of PCBM:SiPc blend films under the assumption that the spectra 
can be reproduced by the spectra of PCBM anions and SiPc cations.  Figure  6-A5b shows 
transient absorption spectrum of PCBM:SiPc blends at 3 ps after the excitation of SiPc (open 
circles), PCBM anions (broken line; from ref 22), and SiPc cations (solid line; estimated by 
the subtracting the broken line from the observed spectrum).  From this estimation, the molar 
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Figure 6-A4.  Microsecond transient absorption spectra of TMPD/SiPc in DMF excited at 
630 nm (20 μJ cm−2) measured at 0.1 (solid line), 1 (broken line), and 2 (dashed-dotted line) 
ms.  The inset shows transient absorption decays at 570 and 940 nm.  
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absorption coefficient of SiPc cations can be evaluated to be ε = 1.1 × 104 M−1 cm−1 at 855 nm 
in comparison with that of PCBM anions (ε = 6.0 × 103 M−1 cm−1 at 1030 nm).22  
Spectral Analysis to Extract SiPc Anions
The optical density of SiPc anions generated in P3HT:PCBM:SiPc blend films after the 
excitation of SiPc was roughly estimated as follows.  SiPc anions have a band at around 910–
960 nm with a peak at 940 nm and have a negligible absorption at 900 and 970 nm.  First, the 
base line (black line)is drawn as shown in Figure 6-A6 to cross the point ΔOD at 900 nm and 
ΔOD at 970 nm of the observed spectra, and then, the difference at 940 nm shown as the bar 
in Figure 6-A6 between the observed data and the black line is measured as the optical density 
of SiPc anions (ΔODSiPc−).  
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Figure 6-A5.  (a) Absorption spectra of SiPc in dichloromethane with and without HNO3.  (b) 
Femtosecond transient absorption spectra of PCBM:SiPc blend films excited at 680 nm (5 μJ 
cm−2) measured at 3 ps (open circles).  The broken and solid lines are PCBM anions22 and 
SiPc cations, respectively. 
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Figure  6-A6.  Transient  absorption  spectrum of  P3HT:PCBM:SiPc  blend  films  after  the 
excitation of SiPc (as an example here shows spectrum at 10 ps as the gray line) for the 
estimation of the optical density of SiPc anions (ΔODSiPc−).  
Spectral Analysis to Extract SiPc Photobleaching
The optical  density of  SiPc photobleaching observed in  P3HT:PCBM:SiPc blend films 
after the excitation of P3HT was estimated as follows.  SiPc photobleaching have a band at 
around 660–700 nm with a peak at 680 nm and have a negligible absorption at 660 and 710 
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Figure  6-A7.  Transient  absorption  spectrum of  P3HT:PCBM:SiPc  blend  films  after  the 
excitation of P3HT (as an example here shows spectrum at 10 ps as the gray line) for the 
estimation of the optical density of SiPc photobleaching (ΔODSiPc-PB).  The inset shows the 
same spectrum in wide wavelengths range scale.  
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nm.  First, the base line (black line) is drawn as shown in Figure 6-A7 to cross the point ΔOD 
at 660 nm and ΔOD at 710 nm of the observed spectra, and then, the difference at 680 nm 
shown as the bar in Figure 6-A7 between the observed data and the black line is measured as 
the optical density of SiPc photobleaching (ΔODSiPc-PB).  
Estimation of the Fractions of P3HT Exciton Relaxation upon P3HT Excitation
The fractions of P3HT excitons are estimated as follows.  Here the author explains for the 
thermal-annealed ternary blends for example.  First, the exciton fraction neither quenched nor 
contributed  to  the  photocurrent  generation  is  estimated  from the  PL efficiency of  P3HT 
excitons (10%).  Next, the prompt quenching fraction is estimated from the proportion of the 
remaining fraction (90%) and the ratio of the amount of P3HT polarons generated promptly to 
the  amount  of  the  total  P3HT polarons  (29%).   Thus,  the  prompt  quenching  fraction  is 
estimated to be 26%.  Finally,  the remaining fraction is divided into two fractions for the 
delayed quenching after exciton migration and for the faster quenching by the energy transfer 
to SiPc, on the basis of the ratio between the fraction of AD2 and BD2 in Eq. 6-3 described in 
the main text (48:52).  Therefore, the quenching fractions after the energy migration and the 
energy  transfer  fraction  are  estimated  to  be  31% and  33%,  respectively.   For  the  other 
samples, the same procedures were performed.  The results are summarized in Figure 6-8.  
Förster Radius Based on Dipole–Infinite-Slab Approximation
Figure 6-A9 shows the distance dependent quenching efficiency, ηQ(R), of P3HT exciton in 
the  crystal  P3HT domain  calculated  by  the  Förster  radius  based  on  dipole–infinite-slab 
approximation using Eq. 6-A2 and 6-A3.  The τF,  R0, and r represent the photoluminescence 
lifetime  of  P3HT exciton,  the  Förster  radius,  and  the  distance  between  a  donor  and  an 
acceptor (in this case r equals to the distance between P3HT exciton and the interface).  The 
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CA in Eq. 6-A2 is the acceptor chromophore density.  From the crystal volume of SiPc ~1.4 
nm3, the CA is estimated to be 0.71 nm−3 if only SiPc is located at the interface.  The author 
has  previously  estimated  the  local  concentration  of  SiPc  =  25  wt%  fr  the  original  dye 
composition of 3.4 wt%.  Thus, the author considered that the  CA in this system was 0.18 
nm−3.  As shown in Figure 6-A8, 92% of P3HT excitons in crystal domain can be collected by 
the energy transfer even without considering energy migration of excitons.  
Figure  6-A8.  Distance  dependence  quenching  efficiency  of  P3HT exciton  generated  in 
crystal P3HT domain.  The thick solid line represents the quenching efficiency calculated by 
the equation 6-A2 and 6-A3.  Thin broken line represents the domain center of crystal P3HT 
for thermal annealing (the distance between the domain center and the interface is evaluated 
to be 4.8 nm in Figure 6-A2).
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In  this  thesis,  the  author  has  demonstrated  the  dye  sensitization  at  the  donor/acceptor 
interface  in  polymer  solar  cells  and  elucidated  the  influence  of  dye  molecules  on device 
performance, film morphology, and photophysical dynamics.  The author found that the dye at 
the interface can serve not only as a photosensitizer but also as an energy funnel for dye-
sensitized  polymer/metal  oxide  hybrid  solar  cells  and,  interestingly,  this  is  also  true  for 
devices based on the ternary or quaternary blends of a polymer, a fullerene, and one or two 
dye(s) though the dye molecules are simply loaded into polymer fullerene blends.  
Chapter 1 describes the historical background and motivation of this thesis in terms of 
polymer solar cells, dye sensitization, energy transfer, and ternary blend films were described 
to clarify the significance of this thesis.  
In Part I, the dye-sensitized polymer/metal oxide hybrid solar cells were studied as a model 
system of the interfacial dye sensitization.  
In  Chapter  2,  the  dye  modification  at  the  interface  of  donor/acceptor  with  Black  Dye 
molecules in organic-inorganic hybrid solid solar cells was studied using double layered cells 
consisting of RR-P3HT and a flat layer of dense TiO2.  The EQE of the chemically modified 
cell was nearly double that expected from the photosensitizing effect of the dye molecules. 
The additional increase shows that the chemical modification with dye molecules can serve 
not only as a photosensitizer but mainly as an energy funnel and/or an electronic mediator to 
significantly improve the electron injection efficiency from RR-P3HT to TiO2.
On the basis of these results, the dye-sensitized polymer:fullerene:dye ternary blend solar 
cells were developed in Part II.  
In Chapter 3, the enhancement of the light-harvesting efficiency in RR-P3HT:PCBM BHJ 
solar cells was demonstrated by the introduction of phthalocyanine molecules as the third 
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component at the P3HT/PCBM interface.  The author employed two kinds of phthalocyanine 
dyes with different chemical structures ZnPc, which is easy to stack and aggregate together, 
and SiPc, which is difficult to stack.  ZnPc showed little absorption in ternary blend films due 
to dye aggregations.  On the other hand, SiPc exhibited intense absorption in ternary blend 
films  even  after  annealing.   The  introduction  of  SiPc  increased  the  short-circuit  current 
density and hence improved the overall power conversion efficiency by 20%, compared to the 
RR-P3HT:PCBM control device.  For RR-P3HT:PCBM:SiPc devices, two distinct EQE peaks 
were observed at wavelengths for the absorption bands of SiPc as well as RR-P3HT before 
and  after  thermal  annealing,  suggesting  that  SiPc  molecules  are  located  at  the  RR-
P3HT/PCBM  interface  because  of  crystallization  of  the  P3HT  and  PCBM  domains. 
Furthermore, the EQE for the device increased even at wavelengths for the absorption band of 
RR-P3HT by the introduction of SiPc molecules.  This indicates that P3HT excitons can be 
dissociated into charge carriers more efficiently in the presence of SiPc molecules at the RR-
P3HT/PCBM interface by energy transfer from RR-P3HT to SiPc molecules.   The author 
therefore concludes  that  there  are  two origins for the increase in  the photocurrent  by the 
introduction of SiPc; SiPc molecules serve not only as a light-harvesting photosensitizer but 
also as an energy funnel for RR-P3HT excitons at the RR-P3HT/PCBM interface.  
In Chapter 4, multi-colored dye-sensitized blend solar cells based on quaternary blends of 
RR-P3HT and PCBM with two different dyes, SiPc and SiNc, having complementary spectral 
absorption in the near-IR region was studied.  The photocurrent was increased ~10% in the 
individual ternary blend solar cells and was simply doubled to ~20% in the quaternary blend 
solar cells.  This is probably because both dye molecules are located at the interface without 
unfavorable aggregation.  In other words, the device performance of polymer solar cells can 
be easily improved by multi-colored dye-sensitization with suitable selection of near-IR dyes 
and concentration of dyes.  An appropriate combination of more than two dyes with different 
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absorption  bands  or  dyes  with  wider  absorption  bands  compared  to  phthalocyanines  and 
naphthalocyanines employed in this study could increase PCE to more than 5%.  Moreover, 
this method is simple and versatile and therefore can be easily applied not only to various 
material  combinations  but  also  directly  in  the  existing  industrial  processes.   Thus,  this 
approach could boost the photocurrent generation even for highly efficient polymer solar cells 
based on low-bandgap polymer and fullerene with PCE > 7%.
In Part III, furthermore, the detailed mechanism of dye localization and light harvesting in 
such dye-sensitized ternary blend solar cells were clarified.  
Chapter 5 describes the selective localization of dye molecules at the interface of polymer 
and fullerene domains in RR-P3HT:PCBM:SiPc ternary blend solar cells.  The absorption and 
surface energy measurements showed that SiPc is likely to be located in disordered P3HT 
domains at the RR-P3HT/PCBM interface rather than in PCBM and crystal P3HT domains. 
From the peak wavelength of SiPc absorption, the local concentration of SiPc ([SiPc]Local) was 
estimated for the RR-P3HT:PCBM:SiPc ternary blends.  Even for amorphous films of RRa-
P3HT:PCBM:SiPc  blends,  [SiPc]Local was  14  wt%,  which  is  higher  than  the  original 
composition (3.4 wt%), suggesting dye segregation into the RR-P3HT/PCBM interface.  For 
RR-P3HT:PCBM:SiPc  blends,  [SiPc]Local increased  furthermore  to  20  wt%  even  before 
thermal annealing and furthermore to 25 wt% after thermal annealing with the increase in the 
P3HT crystallization.  Such interfacial segregation of dye molecules in ternary blend films 
can  be  rationally  explained  in  terms  of  the  surface  energy  of  each  component  and  the 
crystallization  of  P3HT enhanced  by annealing.   In  particular,  the  solvent  annealing  can 
effectively  segregate  dye  molecules  into  the  interface  without  the  formation  of  PCBM 
crystals.  
In  Chapter  6,  the  light-harvesting  mechanism  by  dye  molecules  loaded  into 
polymer:fullerene blends was comprehensively studied by transient absorption spectroscopy 
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for ternary blend films, consisting of RR-P3HT, PCBM, and SiPc as a light-harvesting dye. 
Upon dye excitation of thermal annealed RR-P3HT:PCBM:SiPc blends, RR-P3HT polarons 
and SiPc anions were first generated from SiPc excitons on a time scale of ~2 ps and then 
electrons were shifted from SiPc to PCBM on a time scale of ~50 ps, suggesting that SiPc 
molecules are selectively located in the disordered P3HT matrix mixed with PCBM molecules 
at  the  RR-P3HT/PCBM interface.   Upon polymer  excitation,  RR-P3HT excitons  decayed 
more rapidly in ternary blends than in binary blends with an identically rapid formation of 
SiPc photobleaching, suggesting efficient energy transfer from RR-P3HT to SiPc on a time 
scale of ~4 ps, followed by slightly delayed generation of P3HT polarons.  Subsequently, the 
photobleaching  disappeared  while  the  RR-P3HT  polaron  band  still  remained  the  same, 
suggesting  a  charge  shift  from SiPc  anion  to  PCBM.   All  these  photovoltaic  conversion 
processes are much more rapid than backward reactions, and therefore highly efficient light 
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